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Résumé 
Ce travail de doctorat avait pour principal objectif de mieux comprendre les effets du 
climat et de la prédation sur la dynamique des populations animales, en utilisant comme 
modèle d'étude une population de porcs-épies d'Amérique (Erethizon dorsatum) située au 
Bas-St-Laurent, Québec, Canada. Cette population est suivie depuis mai 2000 et tous les 
individus trouvés sont capturés et marqués de manière permanente (à l 'aide de boucles 
d'oreilles) . La population a connu un déclin d'abondance marqué entre 2000 et 2006, déclin 
qui pourrait être en lien avec l'augmentation récente de l'abondance de pékans (Martes 
pennanti) dans la région. Le pékan est un prédateur efficace du porc-épie et son impact 
négatif sur la taille des populations de porcs-épies a déjà été signalé dans la littérature. Par 
ailleurs, la dynamique des populations de porcs-épies au Bas-St-Laurent semble influencée 
par le climat. En effet, une étude récente montre que l'abondance des porcs-épies au Bas-St-
Laurent a fluctué entre 1870 et 2000 de manière cyclique, en lien avec les cycles d' activité 
solaire et les cycles dans certaines variables météorologiques locales. 
Le calcul des taux de survie par saison (été: mai à aôut, hiver : août à mai) a pennis de 
démontrer que les taux de survie en hiver sont plus bas et plus variables que les taux de 
survie en été, et qu ' ils sont négativement reliés au niveau de précipitations hivernales. Par 
ailleurs, l'examen des causes de mortalité indique que les taux de prédation sont plus élevés 
les années de fortes précipitations hivernales, et que la prédation sur les adultes semble liée à 
la présence de neige au sol. Ces résultats suggèrent que les taux de prédation varient en 
fonction des conditions de neige et donc que les conditions climatiques peuvent influencer les 
relations prédateurs-proies. 
La qualité de l' habitat qu'un animal utilise peut potentiellement influencer sa survie et 
son succès reproducteur. J'ai donc examiné comment les variations des conditions 
météorologiques et du risque de prédation influencent l' utilisation de l'habitat, et avec quelles 
conséquences pour la survie des individus. Nos résultats montrent que les animaux modifient 
leur utilisation de l' habitat en fonction du risque de prédation et des conditions 
météorologiques . Les individus diffèrent dans leur utilisation de l'habitat et ces différences 
d' utilisation de l' habitat sont liées à des différences de survie, probablement via des 
différences dans l'exposition à la prédation, principale cause de mortalité dans notre 
population. 
Chez les espèces longévives comme le porc-épie, les fluctuations des taux de survie ont 
une influence importante sur la dynamique des populations. Ce travail de doctorat montre que 
le climat et la prédation influencent la survie chez les porcs-épies, et donc potentiellement la 
dynamique des populations. Il montre également que des modifications dans l'utilisation de 
l' habitat peuvent moduler les effets de la prédation sur la survie. 
Mots-clés: écologie animale, dynamique des populations, climat, prédation, utilisation de 
l'habitat, survie, porc-épie, pékan 
Chapitre 1 Introduction 
1.1 Impact des variations climatiques sur les écosystèmes 
L'augmentation des gaz à effet de serre, liée aux activités anthropiques, est une des 
causes du changement climatique actuel (Petit et al. 1999). Ce changement climatique s'est 
traduit par un réchauffement moyen des températures de 0.6 ± 0.2°C pendant le 20éme siècle 
(Houghton et al. 2001). Ce réchauffement influence la structure et le fonctionnement des 
écosystèmes : extinction de certaines espèces, modification des aires de répartition, 
modification de la composition des communautés, changements dans la phénologie des 
évènements de reproduction ou de migration (Pounds et al. 1999, Hughes 2000, Walther et al. 
2002, Parmesan & Yohe 2003 , Root et al. 2003). En plus du réchauffement global 
(directionnel), différentes variations climatiques ont un impact sur les écosystèmes. Les 
oscillations climatiques à grande échelle d'une part, comme l'oscillation de l'Atlantique Nord 
(Hurrell 1995) ou l'oscillation australe dans le Pacifique Sud (Philander 1990), sont le 
résultat de mouvements atmosphériques et influencent les mêmes paramètres 
météorologiques que le réchauffement global (e.g. variations dans les températures et les 
précipitations). Elles ont donc certains effets semblables sur la dynamique des systèmes 
écologiques (Lima et al. 1999, Holmgren et al. 2001 , Ottersen et al. 2001 , Stenseth et al. 
2003a). Les variations d'activité solaire d' autre part, influencent le climat selon différentes 
périodes de temps (revues dans Tsiropoula 2003, Versteegh 2005), avec là aussi des effets sur 
le fonctionnement des écosystèmes (Sinclair et al. 1993, Sinclair & Gosline 1997, Klvana et 
al. 2004, Selas et al. 2004). 
Le réchauffement climatique se traduit par un changement directionnel du climat de notre 
planète, et semble aussi avoir un impact sur l' amplitude et la fréquence des oscillations 
climatiques à grande échelle (Timmermann et al. 1999, Visbeck et al. 2001 , Gillett et al. 
2003). Face à cette variabilité climatique croissante, comprendre les processus par lesquels le 
climat agit sur les écosystèmes est devenu un enjeu capital pour toute une génération 
d'écologistes. Bien que les effets du climat aient été bien documentés, de nombreuses 
incertitudes subsistent quant à la nature des liens existant entre les processus physiques et 
biologiques (Harrington et al. 1999). Identifier les mécanismes impliqués dans les réponses 
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bio logiques aux fluctuations climatiques est un premier pas indispensable s i l' on veut prédire 
les effets, et poss iblement s'adapter au réchauffement climatique (B erteaux et a l. 2006). 
1.2 Impact des variations climatiques sur les populations 
Le climat est la synthèse des conditions atmosphériques dans une région donnée sur une 
longue période de temps. Les conditions météorologiques, par contre, quali fie nt l' ensembl e 
des condi tions phys iques dont on peut ressentir directement les effets à un moment préc is et 
en un point préc is. À proprement parl er, on ne devrait donc utiliser le mot « climat » que 
lorsqu 'on s ' intéresse aux phénomènes atmosphériques s'exprimant sur une longue péri ode de 
temps ou sur une large région géographique. De nombreuses études en écologie discutent des 
effets du climat ou de la variation climatique sur la dynamique des populations (Albon & 
C lutton-Brock 1988, Lima et a l. 2002a, Barbraud & Weimerskirch 2003, Krebs & Berteaux 
2006) . Cependant, ces travaux examinent en fa it bien souvent les effets des fluctuations des 
conditions météoro logiques et non du climat sur les populations. Pour être cohérent avec les 
tennes employés dans la plupart des études, nous utili serons les deux termes (i.e. c limat et 
condi tions météorologiques) de manière interchangeable dans cette thèse. On gardera 
cependant en mémoire les di stinctions ex istantes. 
La compréhension des effets du climat sur la dynamique des populations est une étape 
importante s i l 'on veut prévoir le devenir des espèces, des communautés , et des écosystèmes. 
L ' étude de la dynamique des populations a pour obj ectifla compréhension des processus 
condui sant à la structure et à la ta ille des populations au cours du temps (Begon et al. 1996). 
L ' abondance d ' une population est déterminée par la survie, la féco ndité, et les mouvements 
des individus (Stem-ns 1992, Krebs 1994). Les facteurs qui influencent les processus 
démographiques peuvent être c lassés en fac teurs régulateurs (qui ramènent une population à 
son po int d 'équilibre lorsqu 'elle s ' en écarte) ou limitants (qui agissent sur la densité moyenne 
ou la densité à l' équilibre d ' une population) (Krebs 1994). Les facteurs régulateurs sont par 
défi ni tion des facte urs dont l 'effet est dépendant de la densité et sont typiquement des 
facteurs bioti ques (compétition, prédation, parasiti sme) alors que les facteurs limitants 
peuvent être des facteurs biotiques (généralement dépendants de la dens ité) ou abiotiques 
(généra lement indépendants de la densité: climat, environnement phys ique ou chimique). 
L ' importance relative des facteurs dépendants et indépendants de la densité dans la 
détermination de l'abondance des populations a été longtemps di scutée en écologie (e .g. 
Dav idson & A ndrewartha 1948, Nicholson 1954, Hairston et a l. 1960, Doug las & Les lie 
1986, Forchhammer et a l. 1998, Barbraud & Weimerskirch 2003 , Berryman & Lima 2006). 
On sai t maintenant que les deux types de facteurs peuvent avo ir des effets importants, et 
peuvent interag ir pour détenniner l 'abondance des populations (Saether 1997, Gaillard et a l. 
2000). 
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Le climat influence la dynamique des populations anima les par des effets directs sur la 
physio logie des indiv idus (coüts de thermorégulation, coüts de locomotion), ou par des effets 
indirects en modifiant la nature des interactions bio logiques (compétition, re lations 
prédateurs-pro ies, accès à la nourriture). Dans un système à trois n iveaux trophiques 
(végétation , herbi vore, carnivore, F ig. l.l ), chaque niveau peut voir son abondance modi fiée 
par les effets du climat et de la dens ité, ainsi que par une modi fication des interactions 
trophiques (due par exemple à un impact du climat sur l'efficacité de chasse des prédateurs 
ou sur l'accessibilité de la végétation pour les herbi vores). Ains i, la survie des ori gnaux 
(A lces alces) à l'île Royale (É.U.) est plus fa ible les années de fo rt enneigement à la fo is 
parce que la morta lité des indi vidus âgés augmente, et parce que les loups gris (Canis lupus) 
augmentent leur efficacité de chasse (en chassant en plus grands groupes) quand la neige est 
profonde (Post et a l. 1999b). Les interactions trophiques sont donc des vo ies par lesquelles 
les effets du climat peuvent se propager à tout un écosystème (F ig. 1.1 ). 
Une approche souvent utili sée pour prédire les effets des changements climatiques est de 
modéliser le c limat futur, d ' en déduire la répartition de la végétation , puis la composition de 
la communauté animale (Schmitz 2003). Cette approche a pour inconvénient de nég liger les 
effets potentie ls du climat sur les interactions entre espèces (Davis et a l. 1998, Wilmers & 
Post 2006, Suttl e et a l. 2007), et notamment sur les interactions entre prédateurs et pro ies qui 
sont sens ibles aux conditions environnementales (Post et a l. 1999b, Hebblewhite 2005, 









Figure 1.1 : Effets possibles du climat sur une chaîne trophique à trois niveaux, basé sur des 
observations empi riques des interactions entre les loups, les orignaux, les sapins baumiers, et 
le cl imat à l'île Royale, É.U. (tirée de Post & Forchhammer 2001 ). Le climat a un effet direct 
sur chacun des ni veaux trophiques mais les interactions entre espèces peuvent aussi être 
influencées par les fluctuations climatiques. 
1.3 Impact des variations climatiques sur les individus 
La dynamique des populations animales est fonction du succès reproducteur et de la 
survie des individus, qui eux-mêmes dépendent de plusieurs fac teurs (e .g. phys iologie, 
comp0l1ement, conditions environnementales). Cependant, beaucoup d'études s' intéressant à 
la dynamique des populations sont basées sur des sui vis de taille ou d'abondance de 
populations (e.g. Owen-Smith & Mills 2006). Pour examiner les effe ts du climat sur la 
dynamique de la population, on compare alors le taux d'accroissement de la population à un 
ou plusieurs facteurs climatiques (Forchhammer et al. 1998, Post & Stenseth 1998, Stenseth 
et al. 2002, Hebblewhite 2005). Le problème avec cette méthode est que le dénombrement 
des populations ne donne qu ' une mesure g loba le de la performance de la populat ion. 
Déterminer si les fac teurs climatiques ont un effet positif, négati f, ou nul sur la ta ille des 
popul ations n 'est pas suffisant pour gérer les populations (Gaillard et al. 2003). À l' inverse, 
les suivis basés sur les individus permettent d ' identi fie r les mécanismes démographiques 
impliqués dans les changem ents d 'abondance des populations, et constituent un premier pas 
vers des modè les permettant la gestion des populations. Les populations de mammifè res 
peuvent être structurées par c lasse d 'âge (Charlesworth 1994) et un sui vi indiv iduel à long 
te rme permet de dételm iner rigoureusement les taux de survie et de reproduction à d ifférents 
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Figure 1.2 : Exemple de cyc le de vie chez des herbi vores de g rande ta ille (tirée de Ga illard et 
a l. 2000). Nombres encerc lés: 1: nouveau-né, 2: j eune sevré, 3 : j eune de l' année, 4: indi vidu 
de deux ans (souvent l' âge de première reproduction), 5 : individu « dans la fo rce de l'âge » 
(prime-age), 6 : indi vidu sénescent. Les lignes dro ites ind iquent la surv ie d ' un groupe d ' âge à 
un autre . Les li gnes courbes indiquent la production de j eunes (donc la reproduction) . 
Les fac teurs les plus importants pour la dynamique des populations peuvent vari er se lon 
les espèces considérées. E n effet, puisqu ' il existe des compro mis d 'allocation d 'énergie entre 
la cro issance, la maintenance et la reproduction (Stearns 1992), les espèces qui se 
reprodui sent intensément (nombreuses pOliées, grande ta ill e de portée) ont généra lement une 
durée de vie courte (courte durée de génération) alors que les espèces à fa ible taux de 
rep roduction (peu de portées , petite ta ille de portée) sont plus longévives (g rande durée de 
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génération) (Gaillard et al. 1989, Gaillard et al. 2005). Pour les espèces à durée de vie courte, 
ce sont les variations des taux de reproduction qui influencent le plus la dynamique des 
populations alors que ce sont les variations des taux de survie qui influencent le plus la 
dynamique des populations chez les espèces à durée de vie longue (Gaillard et al. 1989, 
Gaillard et al. 2005). Néanmoins, les paramètres démographiques qui influencent fortement 
la dynamique des populations (i.e. les paramètres à forte élasticité, Caswell 2001) sont 
généralement peu sensibles aux variations environnementales (Gaillard & Yoccoz 2003). Par 
exemple chez les herbivores de grande taille, dont la dynamique est fOliement influencée par 
la survie et particulièrement par les taux de survie des adultes, la survie des adultes est assez 
stable dans le temps alors que la survie des jeunes est plus variable (Gaillard et al. 1998). 
Grâce à un suivi individuel à long terme, on peut déterminer quels paramètres 
démographiques sont sensibles aux variations environnementales (e.g. variations climatiques) 
et évaluer l'impact des variations observées, par exemple dans la survie juvénile, sur la 
dynamique de la population (e.g. Coulson et al. 2001). 
1.4 Utilisation de l' habitat, climat et valeur reproductive des individus 
L'utilisation de l' habitat découle d ' une sélection qui devrait tendre à favoriser les habitats 
où la survie et la reproduction des individus seraient élevées (Levins 1968). Ainsi, les 
individus utilisant des habitats moins profitables devraient avoir une valeur reproductive 
moins bonne, c'est-à-dire laisser moins de descendants contribuant aux générations futures 
(Danchin et al. 2005). Alors que les patrons d ' utilisation de l' habitat observés résultent de 
processus complexes, incluant les interactions intra et interspécifiques, la sé lection du 
microhabitat par les individus est la base sur laquelle tous les autres processus agissent 
(Bowers 1995, Arakaki & Tokeshi 2005). Les individus peuvent utiliser des ressources (e.g. 
des microhabitats) différentes si leur efficacité d'utilisation des ressources, leurs préférences, 
ou leurs besoins sont différents, et reflètent une capacité morphologique, compOliementale ou 
phys iologique variable à traiter des ressources alternatives (Bolnick et al. 2003). Les 
différences entre individus dans l' utili sation de l 'habitat peuvent alors se traduire par des 
différences dans la survie ou le succès reproducteur (Rosenzweig 1981 , 199 1, McLoughlin et 
al. 2005, Pettorelli et al. 2005 , McLoughlin et al. 2006). Par exemple, chez le tétras pâle 
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(Tympanuchus pallidicinctus) les individus utilisant des microhabitats avec plus de couveli et 
un microclimat plus frais pendant l'été ont une meilleure survie que les autres (Patten et al. 
2005 ). 
Le climat se manifes te à différentes échelles de temps et d 'espace. Dans le cadre de 
l' étude des effets du climat sur l ' utili sation de l' espace par les animaux, les écologistes 
s' intéressent généralement à l'effet des variations climatiques saisonnières sur le 
comportement des animaux (e.g. migration, hibernation) . Néanmoins, les animaux peuvent 
aussi modifier leur comportement de manière plus subtile, par exemple en modifia nt les 
échanges thermiques avec leur environnement via l ' utili sation de sites de repos protégés 
(Byman et al. 1988 , Buskirk et al. 1989, Tay lor & Buskirk 1994, Humphries et al. 2005), 
l'adoption de postures qui minimisent ou maximisent la perte de chaleur (Bak.ken & Gates 
1975, Hayes et al. 1992, Fortin & Gauthier 2000, Bustamante et al. 2002), ou le choix de sites 
d 'alimentation offrant des microclimats favorables (Wiersma & Piersma 1994, Brotons et al. 
2000). L ' utili sation d ' une ou plusieurs de ces stratégies peut permettre de réduire 
considérablement la dépense énergétique nécessaire à maintenir une température corporelle 
constante (Humphries et al. 2005), ce qui peut avoir des conséquences sur la survie des 
indi vidus (Sea1ander 1952 , Bult & Lynch 1997, Soto-Gamboa et al. 1999, Merritt & Zegers 
2002, Dawson et al. 2005). La manière dont les individus utili sent leur habitat peut donc 
moduler les effets du climat sur la probabilité de survie individuelle, et c 'est pourquoi il est 
important de considérer les différences entre individus dans l' util isation de 1 ' habitat quand on 
s ' intéresse aux effets du climat sur la dynamique des popul ations. 
1.5 Un système sensible aux fluctuations climatiques: le porc-épie d'Amérique au Bas-
St-Laurent 
Chez les mammifères , les effets du climat sur la dynamique des populations ont été 
principalement étudiés dans des populations de petits mammifères (e.g. Lima et al. 1999, 
Merritt et a l. 2001 , Aars & Ims 2002, Lima et al. 2002b, Stenseth et a l. 2003b, Korslund & 
Steen 2006, Saitoh et al. 2006) ou chez les herbivores de grande taille (e .g. Albon & Clutton-
Brock 1988, Putman et al. 1996, Post & Stenseth 1998, Forchhammer et al. 200 1, Post & 
Forchhammer 2002, Wang et al. 2002, Berryman & Lima 2006). Une approche couramment 
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utilisée pour étudier les effets du climat sur la dynamique des populations est de corréler la 
variabilité climatique inter-annuelle avec la variabilité observée dans les paramètres 
démographiques. Cette approche nécessite l'utilisation de données à long tenne et c 'est 
pourquoi les données de récolte de chasse par exemple ont été largement exploitées pour 
traiter ces questions (Langvatn et al. 1996, Post et al. 1999a, Mysterud et al. 2000). L'un des 
inconvénients de cette approche à grande échelle est qu'elle se base sur des corrélations et ne 
démontre pas de relation de cause à effet entre les paramètres (Krebs & Berteaux 2006) . Les 
mécanismes par lesquels le climat agit sur les populations restent flous , ce qui limite les 
capacités de prédiction face aux changements climatiques (Berteaux et al. 2006) . 
Une approche alternative est de mettre en place des études à plus petite échelle 
temporelle ou spatiale où l' on utilise un suivi détaillé (impliquant souvent une manipulation 
expérimentale de certains paramètres météorologiques) pour tenter de comprendre les 
relations de cause à effets entre les facteurs physiques et biologiques (Lenart et al. 2002, 
Suttle et al. 2007). Le problème de cette approche est que les résultats obtenus à petite échelle 
sont difficilement extrapolables à grande échelle (Petersen & Hastings 2001, Peters & 
Herrick 2004). Pour avancer dans la recherche sur le climat, Root & Schneider (1995) 
proposent une approche basée sur une alternance d'études à grande et petite échelles dans un 
cycle d'analyse qu'ils appellent le « Strategie Cyclieal Sealing ». Dans ce cycle, les études à 
grande échelle permettent de générer des hypothèses, qui sont ensuite testées par des études à 
petite échelle. Appliquer cette méthode à différents systèmes devrait améliorer notre capacité 
à appréhender les conséquences écologiques des changements globaux (Root & Schneider 
1995). 
Klvana et al. (2004) ont récemment mis en évidence dans l'Est du Québec l'impact des 
variations climatiques sur un herbivore de taille moyenne : le porc-épic d'Amérique 
(Erethizon dorsatum). Ils ont utilisé les cicatrices laissées par les porcs-épics sur l'écorce des 
arbres, lorsqu'ils s'y alimentent pendant l'automne et l'hiver, comme indice d ' abondance de 
porcs-épies. En datant ces cicatrices par dendrochronologie, ils ont estimé l' abondance de 
porcs-épies au cours des 130 dernières années. Ils montrent que l' abondance de porcs-épics a 
fluctué depuis 1868 suivant des cycles réguliers de Il et 22 ans, en synchronie avec les 
cycles d 'activité solaire, et avec les cycles dans les relevés locaux de température et 
précipitation (Fig. 1.3). 
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Figure 1.3 : Fluctuations dans l' indice d' abondance de porcs-épies (abondance re lati ve de 
cicatri ces d ' une année à l'autre, moyenne sur trois sites d 'échantillonnage), la radiation 
so laire (W/m2) , la température moyenne au printemps (Mai-Juin, oC), les préc ipitations 
hi vernales totales (Novembre-Avril , en mm) et les chutes de neige (Novembre-Avril , en cm) 
entre 1868 (1 877 pour les paramètres météorologiques) et 2000 (tirée de Kl vana et a l. 2004). 
Cette étude, fa ite sur une grande échelle temporelle, permet de générer les hypothèses 
suivantes : 
1) le cycle so laire a un impact sur celi ains paramètres météorologiques locaux (i.e. 
températures au printemps, précipitations hivernales, et chutes de neige), 
2) les températures au printemps, le niveau de préc ipitations hivernales et les chutes de 
neige influencent la dynamique des populations de porcs-épies au Bas-St-Laurent. 
Sui vant l ' approche suggérée par Root & Schneider (1 995), l'un des objectifs de mon 
trava il de doctorat a été de mettre à l'épreuve la deuxième de ces hypothèses en utili sant des 
données issues d ' un suivi individuel fi n, sur une population de porcs-épies d 'Amérique au 
Bas-St-Laurent. Je me sui s intéressée à la démographie d ' une part, en étudiant les variations 
de survie en fo nction des fluctuations dans les paramètres météorologiques, et au 
compoltement d 'autre part, en examinant comment les paramètres météorologiques 




1.6 La population de porcs-épies au parc national du Bie 
J' ai utilisé pour ce travai l de recherche une population de porcs-épics d'A mérique suivie 
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Figure 1.4 : Localisation du parc national du Bic, Bas-St-Laurent, Québec, Canada. 
Le porc-épic d 'Amérique est un rongeur de taille moyenne (5 à 14 Kg), assez longévif (7 
à 8 ans), qui est arboricole et exclusivement herbivore (Roze 1989). Les femelles produisent 
généralement leur premier jeune à l'âge de deux ans et ne produisent qu 'un seul jeune par an 
(Roze 1989, Hale & Fuller 1996). La fécondation a lieu en septembre-octobre, les femelles 
sont gestantes tout l' hiver, et donnent naissance à leur jeune entre la mi -mai et la fin juin 
(S truthers 1928). Comme pour beaucoup d' herbivores vivant en régions tempérées, l' hi ver 
est une saison di ffi cil e pour le porc-épic pui sque la quantité et la qualité nutriti ve de la 
mat ière végéta le diminuent alors que les besoins d 'énergie pour maintenir une température 
corporelle constante augmentent (Fournier & Thomas 1999). Les porcs-épics restent acti fs en 
hiver mais diminuent leurs déplacements et utilisent des tanières pour se soustraire au fro id 
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(Roze 1987). Ils perdent 10 à 40 % de leur poids et certains individus peuvent mourir par 
inanition si 1 'hiver est trop rigoureux (Sweitzer & Berger 1993). Le porc-épie d'Amérique 
étant longévif, la survie des adultes devrait fortement influencer la dynamique de ses 
populations (Gai llard et al. 1998). Une diminution de la survie des adultes pendant l' hiver 
pourrait donc avoir un effet important sur la taille des populations. D'autre part, comme chez 
d ' autres herbivores longévifs, la survie des juvéniles devrait être fortement influencée par les 
fluctuations environnementales (Albon et al. 1987, C lutton-B rock et al. 1987, Portier et al. 
1998, Milner et al. 1999, Crampe et al. 2002) . Il n'existe cependant pas de données publ iées 
pouvant confimler cette hypothèse chez le porc-épie d'Amérique. 
Dominique Berteaux a mis en place à l' été 2000 le suiv i individuel d'une population de 
porcs-épies sur une aire d'étude d'environ 2 km2 (Fig. 1.5) dans le secteur Est du parc 
national du Bic (48°20'N , 68°46'0). Le suivi est basé sur la capture d'animaux que l' on 
marque de manière permanente à l'aide de boucles d'oreilles (Fig. 1.6). La présence de 
champs au centre de l'aire d'étude (Fig. 1.5) pennet une recapture facile des individus au 
début d'été , quand les feuilles des arbres n'ont pas encore commencé à pousser et que les 
porcs-épies viennent se nourrir de jeunes pousses d'herbe dans les champs. On peut 
également équiper les an imaux d'émetteurs VHF pour ensuite les localiser par télémétrie . Les 
porcs-épies sont des animaux qui se déplacent relativement lentement, et passent une grande 
partie de leur temps immobiles dans les arbres. On peut donc se rendre jusqu ' à l'animal en 
suivant le signal de télémétrie, ce qui permet d'accéder à des données précises concernant sa 
localisation et son compOitement, été comme hiver (Comtois & Berteaux 2005 , Morin et al. 
2005). 
Le parc national du Bic abrita it de hautes densités de porcs-épies et la population d ' étude 
(i.e. ensemble de porcs-épies fréquentant l'aire d'étude) comptait environ 120 individus en 
2000. La population d ' étude a cependant connu un déclin marqué dans les dernières années, 
et seulement un individu a été capturé à l'été 2006 (D . Berteaux, données non publiées, Fig. 
1.7a). Des estimations de densité de porcs-épies, faites par recherche de traces en hiver le 
long de transects situés dans les secteurs du parc non utilisés pour les captures, montrent 
également un déclin très marqué ces dernières années (Y. Lemay, données non publiées, Fig. 
1.7b). 













Figure 1.5 : Carte de l'aire d 'étude dans le secteur Est du parc national du Bic, Québec (tirée 
de Morin et al. 2005). L'aire d'étude est caractérisée par une forêt boréale mixte dominée, en 
ordre d' importance, par: le peuplier faux-tremble (Populus tremuloides), le cèdre (Thuja 
occidentalis), l'épinette blanche (Picea glauca) et le sapin baumier (Abies balsamea). L'aire 
d 'étude est fragmentée par des champs où les porcs-épics viennent se nourrir en été et où ils 
sont facilement capturés. 
Figure 1.6 : Porc-épic d'Amérique marqué à l'aide de boucles d 'oreilles de couleur. Photo 
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Figure 1.7 : Déclin d ' abondance des porcs-épies au parc national du Bic, Québec : a) nombre 
d ' individus capturés sur une aire d'étude d'environ 2 km2 à l 'Est du parc (D. Berteaux, 
données non publiées), b) estimation de densité de porcs-épies ( individus/km2) par 
inventaires de pistes dans trois secteurs , à l'Ouest de l'aire d'étude utilisée pour les captures 
de porcs-épies (Y. Lemay, données non publiées). 
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Le déclin d 'abondance observé dans notre population d 'étude ne semble donc pas lié au 
suivi individuel mis en place en 2000. En fa it, ce déclin pourrait être li é au retour du pékan 
(Martes pennanti) dans la région (voir chap. 3). Les pékans sont des prédateurs efficaces du 
porc-épic (Powell & Brander 1977, Earle & Kramm 1982, Powell 1993) et leur nombre a 
augmenté rapidement depuis le milieu des années 1990 dans l'Est du Québec (Poulin et al. 
2006). En plus de considérer les effets du climat, j e me suis donc également intéressée aux 
impacts de la prédation sur la survie et l' utili sation de l'habitat par les porcs-épies. 
1.7. Objectifs spécifiques et plan de la thèse 
Le but général de ce projet est d 'améliorer les connaissances des effets du climat et de la 
prédation sur la dynamique des populations en utili sant une espèce animale ayant été 
jusqu ' ici peu étudiée. La survie a un effe t important sur la dynamique des populations chez 
les espèces longévives . C'est pourquoi nous nous sommes interessés aux effets du climat et 
de la prédation sur la survie. La façon dont les animaux utili sent leur habitat peut fa ire que les 
individus se trouvent dans des conditions légèrement di ffé rentes face aux fac teurs 
environnementaux (e.g. environnement thermique mais auss i ri sque de prédati on), avec des 
conséquences poss ibles sur la survie. Ainsi, l' utilisation de 1 ' habitat peut potentiell ement 
moduler les effets du climat et de la prédation sur la survie, et donc sur la dynamique des 
populations. L 'étude est basée sur un suivi individuel fin de la survie et de l ' utili sation de 
l' habitat dans une population de porcs-épics d 'Amérique. Déterminer les taux de surv ie est 
re lati vement s imple dans la population d 'étude, contrairement aux taux de reproduction qui 
sont diffi ciles à déterminer de manière fi able chez cette espèce dont les femelles cachent les 
j eunes à la naissance (voir chap. 2) . Nous ne nous sommes pas intéressés aux taux de 
reproduction au cours de cette étude. Comme on l'a vu précédemment, la poss ibili té d ' établir 
de manière préc ise la locali sation des individus à l'aide de la télémétrie permet d 'accéder à 
des données détaillées concernant leur utili sation de l' habitat. Ma thèse s'organise autour de 
quatre arti cles. 
Le premier article présente les méthodes nécessaires à un suivi individuel détaillé du 
porc-épic d 'Amérique (chap. 2). Les porcs-épics portent des épines qui rendent les 
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manipulations et la pose d 'émetteurs VHF diffi ciles. Au cours de l'étude de sept ans initiée 
par D. Berteaux, nous avons amélioré les méthodes connues pour marquer et poser des 
co lliers émetteurs à des porcs-épics adultes. Nous avons auss i développé des méthodes pour 
chercher les j eunes porcs-épics (qui se cachent pendant les premières semaines suivant la 
naissance) , les marquer et leur poser des émetteurs VHF adaptés à leur ta ille. Ce chapitre 
expose les méthodes utilisées pour le suivi de la population , et met en évidence les 
nouveautés apportées par rapport aux méthodes déjà publiées dans la littérature. 
Le deuxième article utilise les données de capture-marquage-recapture pour calculer de 
manière robuste les taux de survie (chap. 3). Klvana et al. (2004) génèrent l' hypothèse que 
les températures au printemps, les précipitations hivernales, et les chutes de neige influencent 
l'abondance des porcs-épics au Bas-St-Laurent. Ce chapitre met à l' épreuve cette hypothèse 
en testant l'effet de ces paramètres météorologiques sur la survie. Les fluctuations 
climatiques pouvant modifier les interactions prédateurs-proies (Post et al. 1999b, 
Hebblewhite 2005) et la prédation étant un facteur impoliant dans mon système d 'étude, 
j 'étud ie également l'évolution du taux de prédation en foncti on des conditions 
météorologiques. 
Le troisième article détermine comment les porcs-épics adultes modifient leur utili sation 
de l' habitat en fonction des conditions environnementales au cours de l'hi ver (chap. 4). 
J' établis tout d 'abord une carte des microclimats di sponibles dans l' environnement à l'a ide 
de mannequins taxidermiques chauffés. J' examine ensuite comment les animaux nav iguent 
sur cette calie thermique pendant la saison froide . Plus paliiculièrement j 'étudie comment le 
patron d ' utili sation de la tanière (e.g. temps passé en dehors de la tani ère, nombre de sorti es) 
et l' utili sation des microhabitats à l' extéri eur de la tanière vari ent en foncti on des conditions 
de température et de neige. À la suite de l'article, j e teste si les différences entre indi vidus 
dans les patrons d 'activité et l' utilisation de l' habitat, se traduisent par des di fférences de 
survIe. 
Le quatrième et dernier aliicle s' intéresse à l' utili sation du couvert par les j eunes porcs-
épics « 3 mois) et aux conséquences de l' utilisation du couveli sur la survie au cours de leur 
premier été de vie (chap. 5). Chez les ongulés, les jeunes qui se cachent pour se soustraire 
aux prédateurs sé lectionnent des habitats avec beaucoup de couveli (revue dans Mysterud & 
Ostbye 1999). Cependant, pendant l'été, les milieux ombragés (i.e. couverts) sont caractéri sés 
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par des conditions thermiques plus fraîches que les milieux ouverts (Demarchi & Bunnell 
1993), et donc moins favorables pour des j eunes sensibles à l'hypothermie. Dans cet arti cle, 
je véri fie d 'abord si les j eunes porcs-épies sélectionnent des microhabitats avec beaucoup de 
couvert. J' examine ensuite les di ffé rences entre individus dans l' utilisation de l' habi tat et les 
conséquences des di fférences interindividuelles dans l' utili sation de l' habitat sur la survie des 
juvéniles au cours de l'été. 
Chapitre 2 Handling North American porcupines: 
review of existing methods and new methods to increase 
animal welfare 
M abille G ., M orin P., Berteaux D . 
(soumis, Wildlife Research) 
Les études à long terme, basées sur la capture-recapture d ' indi vidus marqués au se in 
d ' une population, permettent de ca lculer de manière robuste les taux de surv ie entre deux 
évènements de capture. On peut ensuite tenter d' expliquer la vari abilité observée dans la 
survie et a ins i identifier certains des facteurs impliqués dans les fluctuations de ta ille des 
populations. Les porcs-épics sont durs à loca li ser dans des environnements fo resti ers et durs à 
manipuler à cause de leurs piquants. Sans doute à cause de ces di ffi cultés, peu d ' études se 
sont intéressées aux facteurs influençant la démographie de cet herbi vore, qui peut pourtant 
atte indre de fortes abondances, et j ouer un rô le important dans certa ins écosystèmes (Curti s 
194 1, Curti s 1944). Dominique Berteaux a mis en place à l'été 2000 un sui vi individue l d ' une 
populati on de porcs-épics dans le Bas-St-Laurent. Pendant sept années, nous avons amélioré 
les méthodes de s ui v i ex istantes et déve loppé de nouvelles méthodes afin de limiter le 
dérangement des animaux et de maximiser l' efficacité du suivi. Nous détaillons ici les 
méthodes que nous avons utili sées en soulignant les progrès effectués par rapport aux 
méthodes ex istantes. N ous pensons que partager l' expe11ise acquise se rvira à fa ire progresser 
les standards en terme de manipulation d ' animaux sauvages. Les méthodes décri tes ont 
également permis de récolter des données précises concernant la survie et l' utili sat ion de 
l ' babitat des porcs-épics , données que je mets à contribution dans le reste de m on doctorat. 
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2.1. Abstract 
Wildlife biologists are under increased pressure to handle animais safe ly. Through an 
intensive seven-year field study of a North American porcupine (Erethizon dorsatum) 
population, we devoted considerable efforts sem'ching, capturing, and hand ling large numbers 
of adu lt and juvenile individuals. Few published reports describe techniques adapted to this 
cha llenging species. We improved available techniques and developed new ones. We 
describe one method to sem'ch for juvenile porcupines, four new capture methods, one long-
lasting marking technique, and a customized radio collar minimizing wounds to animaIs . The 
method we used to sem'ch for juveniles allowed a success rate of 47.7% (21 juveniles found 
around 44 females). The most efficient capture method involved using a dip net and yie lded 
1,026 captures (out of 1,154 captures perfOlmed during the study). We marked animaIs using 
various types of ear tags , which allowed us to identify an imaIs from a distance and in the 
long tenn. Only 8.5% ofmarked individuals (n = 14 out of 165 marked individuals) 10st their 
identity through tag loss , whereas only 3.5% of radiocollared porcupines (n = 6 out of 171 
collars fitted) suffered from wounds directly attributab le to radio collars. We suggest possible 
ways to further increase efficiency of our methods. 
Key-words : capture, dip net, juvenile, marking, porcupine, Québec, telemetry 
2.2. Introduction 
Porcupines are present on four of the six continents, and can locally reach high densities 
(Roze 1989). A lthough they form two very distinct taxonomic groups (New World and O ld 
Word porcupines), they share the common feature of bearing quillS that impose s ignificant 
challenges to anyone in need of manipulating them. lnterestingly, published infonnation on 
how to handle these animaIs is not abundant. We studied intensively a population of North 
American porcupines (Erethizon dorsatum) for se ven years in Canada and were confronted 
with the problem of handl ing porcupines. Here we first review published methods to search, 
capture and mark NOl1h American porcupines, we th en explain why some important 
information is lacking in the published literature, and we finally suggest four research 
obj ecti ves that will structure the rest of the paper. 
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Porcupines usually live in forests where they are difficult to locate. Hale and Fuller 
( 1999) report low success wh en walking along transects to search for porcupines. Sweitzer 
and Berger (1997) worked in relatively open habitats and were successful at locating 
porcupines using trained dogs and night-vision equipment. However, by far the most efficient 
described technique to find porcupines involves snow tracking to locate dens where 
porcupines concentrate their activity in winter (Stricklan et al. 1995 , Zimmerling 2005). 
Capture techniques include constraining porcupines in a garbage can (Craig & Keller 
1986), climbing trees to catch individuals using heavy gloves (Roze 1989, Stricklan et al. 
1995), plac ing cage-type live traps outside occupied dens, trees or on well-used paths (Hale 
& Fuller 1996, Griesemer et al. 1999, lise & Hellgren 2001, Zimmerling & Craft 2001), 
netting the animal before (Zimmerling & Croft 2001 , Zimmerling 2005) or after (lIse & 
Hellgren 2001) chemical immobilization, and using heavy gloves after immobili zing animaIs 
in trees or dens using a jabstick (Sweitzer & Berger 1992, Griesemer et al. 1999, lise & 
Hellgren 2001) or a blow dart (Griesemer et al. 1999). 
Marking techniques involve metal ear tags (Craig & Keller 1986, Zimmerling & Croft 
2001) to which are sometimes attached colored plastic tags to allow identification at a 
distance (Sweitzer & Berger 1992, Griesemer et al. 1999), spraying tail with enamel paint 
(Sweitzer & Berger 1992), tattooing (Griesemer et al. 1999), fitting radio transmitter using 
hm·ness and back pack (Craig & Keller 1986), or radiocollaring (e.g. Roze 1987, Sweitzer & 
Berger 1992, Griesemer et al. 1999, lIse & Hellgren 2001). Flags have been attached to 
antennas of radio collars to ease identification of individuals at a distance (Griesemer et al. 
1999). 
Published techniques to search for, capture, and mark porcupines represent a fraction of 
those that have been tried by biologists, and method sections of publications usually do not 
quantify efficiency of techniques. Griesemer et al. (1999) evaluate some methods to capture 
and mark adult porcllpines. They do not deal with jllveniles, however, and some of their 
reported methods needed improvement. Specifically, the method they used for mm"king did 
not allow identification at a distance and was not long-lasting (25% of individual s had lost ail 
tags 6-18 months after tagging). AIso, 7% of their radio collars created wOllnds (Griesemer et 
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al. ( 1999). The experience gained by practicing conservationists must be repo11ed and made 
wide1y available for the field to progress (Sutherland 2006). 
During our seven-year study of porcupines, we used most handling techniques described 
in the literature and developed new ones to increase efficiency of field work, to mark 
individuals durably, and to fUl1her minimize animal discomfort. Building on Hale and Fuller 
(1996), we also deve loped methods to find, mark, and radiocollar juveniles. The objectives of 
this paper are 1) to detail known methods to search for, capture, and mark porcupines, 
currently poorly described in the literature, 2) to present new techniques (including 
techniques suitable for working with juveniles and in the winter season), 3) to evaluate the 
success rate of aIl the methods we used , and 4) to suggest possible ways to fUlther increase 
efficiency of existing methods. 
2.3. Material and methods 
Studyarea 
We worked in Parc National du Bic (68°46'W, 48°21 'N) on the south shore of the St. 
Lawrence River estuary, Québec, Canada. The study area is characterized by a rugged 
topography and belongs to the eastern bals am fir-yellow birch (Betula alleghaniensis Britt.) 
ecological domain , in the mid-Appalachian hills ecological region (Grondin et al. 1999). 
Open fields, left in fallow or used for growing barley and oats, occupy the center of the study 
area (see Morin et al. 2005 for details and a map) . 
Sem'ching 
Porcupines foraged in fields , especially in May after snow had melted but tree leaves 
were not yet available. We patrolled fields at night, using portable spotlights (Model Q-Beam 
Max Million, The Brinkmann Corporation, Dallas, TX) to locate porcupines. We also used 
spotlights to search for porcupines in trees. We monitored searching effort (person-hours 
spent patro lling) and recorded the number of porcupines captured and observed each night. 
We used snow tracking in winter to find occupied dens . When porcupine densities were 
low, chances to find tracks were reduced, so we fitted animais with radio collars (see below) 
at the end of summer, in order to locate them easily in winter. 
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We searched for juvenile porcupines around lactating females. Females were 
radiocollared at the beginning of spring and regularly captured to check for lactation through 
manual expression of milk (llse & Hellgren 2001). Once a female was found to be lactating, 
searches stmted to find her juvenile. We located the female using telemetry and spent 60 
minutes sem·ching an increasingly large area around it. We searched carefully the base of 
trees, under de ad trees or branches, in the lower branches of small trees , and in shallow dens. 
We used a pOltable flashlight to increase detection success in dark environments. When a 
juvenile was found , we noted the amount oftime elapsed since the beginning of the search 
and the distance from the juvenile to its mother. 
Capturing 
We captured adults andjuveniles from May 2000 to May 2006, at different periods of the 
year. We began captures using published methods, that is heavy gloves (PYC gloves fitted 
over leather work gloves), cage traps (82 x27 x33 cm, Tomahawk Live Trap Company, 
Tomahawk, WI) , jab stick, and dip net. We sometimes climbed trees to catch an animal by 
hand or in a dip net. Our dip net (Fig. 2.1) consisted of a 50 cm-diameter fishing dip net fit to 
a 77 cm-long pole and bearing a strong 17 mm-mesh fishing net. A drawcord closed the net 
once an animal was caught. We also used a noose pole (4 m extension pole, Tomahawk Live 
Trap Company, Tomahawk, WI) to capture individuals. 
We developed three techniques not described in the literature. First, when an animal was 
high in a tree, we agitated a 4-m long (l cm diameter) fiberglass pole near the porcupine ' s 
head, which prompted it to come down from the tree and allowed us to catch it on the ground 
with a dip net. Second, if the tree was too high for the porcupine to be reached, we strapped 
three or four single-door cage tfaps (same as ab ove) vertically around the tree trunk. Traps 
were placed l.5 m above ground, so the porcupine entered one of the traps when descending 
the tree. We checked traps 2-12 h later. Finally, when the capture ofa given individual was 
absolutely necessary but that individual was inaccessible in a tree, we waited silently at the 
base of the tree, until the porcupine came down by itself and we caught it in a dip net. 
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Figure 2.1 : Dip net developed to capture North American porcupines in Parc National du 
Bic, Québec, May 2000-May 2005 . Photo by S. Descamps. 
1 n winter, porcupines spent most of their time inside inaccessible rock den s, which are 
highly available in our study area (Morin et al. 2005). We placed single-doO!' live traps baited 
with apples and pean ut butter in porcupine paths near occupied dens. We covered traps with 
fabric tarps to decrease heat loss of trapped individuals. When an animal proved difficult to 
capture, we fitted a live trap into the entrance of the den and blocked ail alternative exits. If 
den morphology made this operation impossible, we waited for the porcupine at the entrance 
of its den and caught it into a dip net. We placed movement detectors (Vigil 650X, 
Circuitronique Estrie, Rock Forest, Québec) outside the den several days before capture to 
detennine the daily activity schedule of the porcupine and thus minimize waiting time . 
Juveniles were captured by band using leather gloves. 
Hand/ing 
We transferred captured porcupines to a dip net for manipulations. We measured body 
mass using a spring scale (Pesola Macro Line 1, 2, 5, 10 or 20 kg, Pesola AG, Baar, 
23 
Switzerland). To check sex and reproductive status of an individual , we twisted the net 
several times to restrain its movements . We detetmined male reproductive status from the 
abdominal or sc rotai position of testicles, and female reproductive status by palpation and 
manual extraction ofmilk (Ilse & Hellgren 2001). We used chemical immobilization (Morin 
& Berteaux 2003) only when marking or collaring porcupines. 
Marking 
We ear-tagged porcupines with a unique combination oftwo color- and sign-coded 
plastic tags (15 x45 mm, modified from Sweitzer and Berger (1992), Alltlex Canada, St-
Hyacinthe, Que.) to allow identification at a distance. Both tags bore the same sign but colors 
were independent. We attached plastic tags to the bottom part of the ear using self-piercing 
aluminum ear tags (tag size three, National Band and Tag Co., Newport, KY). We disinfected 
ears by washing the site with chlorexidine veterinary soap, rinsing with water, and applying 
iodine tincture before piercing. We attached tags in the cartilaginous bottom part of the ear. 
We attached two smaller self-piercing aluminum ear tags (tag size one, National Band and 
Tag Co.; hereafter ca lied mini-tags) to the upper part of the ears. We suspected they wou Id be 
lost less often than larger aluminum tags bearing plastic tags, and would therefore help to 
maintain identification of individuals. We tested this hypothesis by comparing loss rate of 
tags versus mini-tags. 
Ears of juveniles were too small to support tags so we marked them using two mini-tags 
only. We threaded unique combinations of colored plastic-coated wires through mini-tags for 
identification of juveniles at a distance. Capture techniques and immobilization procedures 
were approved by the McGill Animal Care Committee (permit 4213), the Comité de 
protection des animaux de l'Université du Québec à Rimouski (permit CPAI2-02-06) and the 
Société de la Faune et des Parcs, Gouvernement du Québec (permits 20000417-001-0 I-S-P to 
20060501-002-01-S-F) . 
Co/laring 
We used Lotek SMRC-5RB VHF transmitters (Lotek Wireless Inc., Newmarket, Ont.) 
mounted on customized, home made collars (Morin et al. 2005). We did not test back pack 
attachment for our radio transmitters (Craig & Keller 1986) because we believed animal 
movements would be less constrained by collars. We first tested leather collars modified 
from nylon coll ars described in Griesemer et al. (1999). Following Sweitzer and Berger 
(1992) , we also tested a plastic attachment system (Fig. 2.2) that was made of a 1 mm-
diameter metal wire inserted within Tygon tubing (0.63 xO.95 cm [l/4 x3/8 inch] , VWR 
International , catalogue number 63014-472, Ville Mont-Royal, Que.). We fastened collars 
loosely enough to allow animais to gain mass (Berteaux et al. 2005), but tight enough to 
prevent loss and reduce chances of an animal getting hung by its collar in a tree. We 
attempted to capture, immobilize, and check neck condition of collared porcupines every 
three months. 
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Figure 2.2 : Tygon tubing system used to attach radio transmitter to North American 
porcupines in Parc National du Bic, Québec, May 2000-May 2005 . Note that the metallic part 
(cramp) used to close the collar is visible on the picture but was inserted into the Tygon after 
the collar was adjusted around the porcupine's neck. Photo by S. Descamps. 
We equipped juveniles captured soon after birth with Holohil VHF transmitters (model 
R 1-2DM 7.5 g, Holohil Systems Ltd. , Carp, Ont.) mounted on a metal wire inserted within 
clear flexible Vinyl tubing (0.31 x0.47 cm [l/8 x311 6 inch] , United States Plastic Corp., 
catalogue number 5900 l , Lima, OH). We captured and weighed collared juveniles every 
week to check mass gain . Juveniles were chemically immobilized after each mass gain of 400 
g to verify if size of coll ars needed adjustment. When juveniles reached 3 kg, we changed 
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transmitters fo r larger units supported by more powerful batteries (RI-2DM 199 VHF 
transmitters, Holohil Systems Ltd.) and mounted on a metal wire inse11ed within small Tygon 
tubing (0.31 xO.63 cm [1 /8x 1/4 inch] , VWR International, Catalog number 63 014-468). 
Evaluation of our methods, and statistics 
We evaluated our methods using qualitative fie ld observations rather th an quanti tative 
data. We detennined the best capturing technique as the eas iest one to use and the one 
apparently inducing the least stress to the animal. We determined the best marking and the 
best co llaring techni ques as the longest-Iasti ng and the one provoking the least wounds to the 
animais, respectively. We compared loss rates of tags versus mini-tags using a chi-square 
test. Ali quantitative res ults are presented as means ± SE. 
2.4. Results 
Searching and cap tu ring 
We searched fo r porcupines during 2,6 17 person-hours. This yie lded 1,7 16 observations 
perfo rmed on 165 indi viduals (8 1 males and 84 fe males) that were captured 1, 154 times. We 
made 37 captures using gloves, one using the j absti ck, 1,026 using the dipnet (l 0 and six 
after waiting fo r the animal to come down a tree or to exit its den, respecti ve ly) , 10 by 
climbing a tree to net the porcupine, 14 using the noose pole, 14 using a pole to drive 
porcupines down a tree, six using the vertical traps and 46 using traps in winter. Our dip net 
was easy to use and animais struggled less than when hand-captured by the tait or captured 
w ith a noose pole. The net did not induce abundant quill loss as <20 qui Il s (out of 
approximately 30,000) were generally lost at each capture. Captures by hand or with a pole 
resulted in many more quills being lost (generally > 100) so we avoided those techniques. Of 
the 46 captures made us ing traps, eight were perfo rmed with traps blocking den entrance. 
These eight captures resul ted from about 15 capture attempts. However, five of the eight 
caught porcupines changed den afterwards. A few porcupines (n < 5) accidentally fe ll on the 
ground wh en we tri ed to capture them by climbing trees. 
We searched fo r juveniles around 35 di fferent mothers fo r a total of 44 mother-years. We 
fo und 2 1 juveniles and our success rate was thus 47 .7%. We perfo rmed 295 searches (mean: 
6.5 ± 1.0 sem"cbes per mother per year, range: 1-24 searches). We spent 282.5 hours 
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sem'ching fOl' juveniles and found 7.4 juveniles per 100 hours of search. However, we found 
16 and 18 of the 21 juveniles within the first tl1ree and five searches performed around their 
mother, respectively (Fig. 2 .3a). We found 17 of the 21 juveniles within the first 30 minutes 
of the search (Fig. 2.3b). We could ca1culate distance between juvenile and mother for 19 
juveniles found. Distance was:::; 5 m for 11 juveniles, < Sm and:::; 15 m for sixjuven iles, and 
< 15 m and :::; 30 m for the two remaining ones. 
Marking 
We marked 136 adults and 29 juveniles. Color and sign-coded ear tags were readable 
with binoculars from 10-20 m depending on vegetation density. Juveniles never lost thei r 
mini-tags. Sixt y-one of the 136 adults lost one or more aluminum tags between consecutive 
captures (mean time interval between consecutive captures = 61 ± 3 days) but could be 
retagged before they had lost ail four tags. Tags were lost more often tban mini-tags (79 tags 
vs. 35 mini-tags , li = 21.48, p<O.OO 1) . On eight occasions, porcupines had lost bath large 
aluminum tags (and therefore also plastic tags) but could still be identified by their remaining 
mini-tags. On 14 occasions, animaIs had lost ail tags and were retagged with a new identity. 
CollG/-ing 
We fitted 264 col lars ta 118 individuals for a total of23,239 collar-days. A given ca Il ar 
remained on a porcupine for 88 ± 5 days (range = 1-452 days). We first used leather collars to 
attach radios (n = 93), but rejected them because neck quills often grew under collars, which 
generated abrasion and wounding (n = 22). We used the Tygon tubing attachment system for 
the remaining 171 collars. Only six of these 171 collars created wounding. Three porcupines 
died because they got hung in a tree by their collar. 
Only juveniles fitted with a collar at a very young age (age :::; 10 days or mass :::;600 g) 
needed a co llar adjustment at their first caIlar check, that is after a 400 g mass gain since 
collaring. Collar size of other juveniles did not need adjustment before the second or third 
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Figure 2.3 : Number of times a juvenile was found through a systematic search around a 
female North American porcupine in Parc National du Bic, Québec, May 2000 to May 2005 , 
according to a) number of search(es) perfonned to find the juveni le (includes the successful 
sem'ch), and b) time spent searching (min) before finding a juvenil e (only data from 




Finding adult porcupines was relatively easy in our study area in spring and at the end of 
autumn , when porcupines used open fields to forage. Juveniles were much more challenging 
to find . Had we limited to three the number of searches around each mother on a given year, 
and to 30 minutes the duration of each search, we would have reduced the total time spent 
sem·ching to 48 .1 hours and the number of juveniles found per 100 hours of search wou Id 
have increased to 33 (16 juveniJes found in 48.1 hours). Hale and Fuller (1996) reported 10 
juveniles found after 176 one-hour searches around 23 adult females. Their overall success 
rate of 43.5 juveniles per 100 mothers is close to ours. Their searching method and the 
number of sem"ches performed before finding each new juvenile was, however, not reported. 
Doing a maximum of three 30-minute searches per mother would increase search efficiency 
when many potential mothers are available. A greater search effort wou Id still be useful if 
few adult females are known and the number offound juveniles must be maximi zed. We 
recommend investing most of the effort searching the first 15 m around the mother, 
especially in a dense forest habitat where searching a larger radius is not efficient. 
Ascel1aining the reproductive status of females around which the searches are made 
might increase success rate ofsearches. We considered a female to be lactating ifsome liquid 
COLI Id be manually extracted from nipples. This was not al ways reliable. For example, we 
made Il lInsuccessful searches around a female who later proved to be pregnant during these 
searches (the twelfth search yielded a newborn porcupine; see Fig. 2.3a). An alternative, 
probably better method to determine reproductive status consists in checking nipples after 
stimulation of milk release by injection of oxytocin (Roze 1989, Hale & Fuller 1996). We 
tried this method in the first stages of our study but abandoned it after a few unsuccessful 
tests. We, however, suspect that our lack of experience with porcupine handling biased 
negatively this early test. 
Capu/ring 
The most efficient capture method usually was the dip net. Use of a dip net had already 
been repol1ed (Zimmerling & Croft 2001 , Zimmerling 2005) but authors did not describe 
equipment nor did they evaluate method efficiency. A single experienced observer can safe ly 
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record sex, reproducti ve status, and mass w ithout using chemical immobilization, a lthough 
we recomm end an inexperienced observer to work with a helper. There is a ri sk of morta li ty 
when chemical immobilization is used (thi s study: three deaths) so we minimi zed its use 
(Morin & Belteaux 2003). 
Success rate of cage traps placed on the ground varied greatl y and was on average low. 
Some individuals never entered traps while others were trap happy . This low effi ciency is 
surprising given the widespread use of this method (Hale & Fuller 1996, Griesemer et a l. 
1999, Il se & Hellgren 2001 ). Baiting with pean ut butter in addition to sliced apples 
(Gri esemer et a l. 1999) improved our success rate and winter trapping was more successful 
than summer trapping (results not shown). Blocking den entrance with a trap seemed to 
prompt den abandonment so thi s should be used as a las t resort. Velt ical traps placed on tree 
trun ks were successful when the porcupine could not reach the ground by transferring into a 
ne ighboring tree. 
C limbing trees to capture porcupines was commonly used in some studi es (e .g. Roze 
1989, Stricklan et a l. 1995). We avoided thi s technique after a few porcupines fe U from their 
tree, a lthough we observed no obvious in jury. 
Marking 
Mal'king was long-lasting and a llowed identifi cation at a di stance. The fact that plastic 
tags were of di ffe rent co lors but displayed the same sign made visual identification much 
easier. We often identifi ed animaIs foraging or resting in a tree w ithout disrupting their 
behav ior. Throughout our seven-year study, 8.5% (n = 14 out of 165) of marked animaIs lost 
their identi ty. Thi s signifi cantly improves the 25% 10ss of ail tags reported by Griesemer et 
al. (1999). Attachment of tags in the caltilaginous bottom palt of the ear and ear dis infect ion 
great ly minimized tag loss. M ini-tags helped avo iding identity loss of porcupines. Although 
more costl y, Pass ive Integrated Transponders (PIT) have now become a better alternati ve to 
mini-tags (Schooley et a l. 1993, Michard et al. 1995, Forman & Will iamson 2005) so we 
recommend their use to prevent identity loss. 
Co/laring 
O ur leather co ll ars induced wounds in 23 .6% of cases and we abandoned them after the 
second year of study. We did not test the attachment systems suggested by G riesemer et a l. 
(1999), because 66% of their machine-belting co llars (n = 19 out of 29) and 7% of their 
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tubular webbing collars (n = 1 out of 14) created wounds (Griesemer et al. (1999) . Only 3.5% 
of our Tygon tubing collars (n = 6 out of 17 1) created wounds. Tygon tubing collars 
remained soft and fl exible even at cold temperatures, which helped prevent skin abras ion. 
Because we tested Tygon tubing co llars in ail seasons, and for long time periods, we are 
confi dent that it is a suitable transmitter attachment system and recommend its use. Contact 
between tube and skin did not cause abras ion and growing quill s eas ily fo und thei r way on 
either s ide of the collar. 
The th ree instances of a porcupine getting hung by its collar in a tree occurred in winter. 
A simil ar problem was witnessed in two red squ ilTel studies (J. Ferron, Univers ité du Québec 
à Rimouski, personal communication; S. A. Boutin , University of A lberta, personal 
communication). Since porcup ines loose weight during w inter (Roze 1984, Swe itzer & 
Berger 1993), co llars fitted in autumn become loose as winter progresses, increas ing hanging 
ri sk. However, R . A. Sweitzer (i n litt. ) did not report thi s problem with porcupines. To reduce 
this th reat, we recommend a regular check of collars, especially at the beginning of winter 
when porcupines are loos ing mass faster (Sweitzer & Berger 1993). 
We present the first repOli of radi o coll ars fitted to juvenile porcupines (:::; 1. 5 kg) . Radio 
co llars are di ffic ult to fi t onjuveniles because of their rapid mass ga in that fo rces regular 
checks of co llar s ize. Our description should help future investigators minimizing the number 
of chemical immobilizations needed fo r adjusting collar size. F lexibl e Tygon was 
unnecessary fo r newborns because co llars did not face cold temperatures. When we changed 
co llars before winter, we used Tygon tubing to prevent subsequent neck abras ion. 
2.6. Conclusion 
Given the unique morphology of porcupines and the scarcity of publi shed info rnlati on 
regard ing their study techniques, our fi ndings wi ll complement ex isting knowledge and 
fac ilitate ftui her research on this (or similar) species . The pressure on wildl ife ecologists fo r 
using safe and humane techniques has never been so high (FarnswOli h & Rosovsky 1993 , 
Powell & Proulx 2003, Beier 2005, Minteer & Collins 2005). Our account should help to 
feed the toolbox of wildlife technicians and biologists, as weil as the databases of an imal care 
committees. 
Chapitre 3 Predation as a possible mechanism relating 
win ter weather to population dynamics in a North American 
porcupine population 
Mabille G., Descamps S., Berteaux D. 
(à soumettre, Oec%gia) 
Dans un contexte de réchauffement climatique, comprendre les mécan ismes par lesquels 
le climat agit sur la dynamique des popul ations animales est devenu un enjeu scientifiq ue et 
politique important. Pour progresser dans la recherche sur les effets du cl imat, une méthode 
est d 'alterner les études à grande échelle (qui penuettent de générer des hypothèses) avec des 
études à petite échelle (pour mettre à l'épreuve ces hypothèses). Klvana et al. (2004) génèrent 
l ' hypothèse que l'abondance des porcs-épics au Bas-St-Laurent est infl uencée par les 
va ri at ions d ' activ ité so laire, via un effet sur les vari ables météorologiques locales. Nous 
util isons ici les données de capture-recapture récoltées sur notre population d ' étude (chap. 2) 
pour mettre à l 'épreuve cette hypothèse et identi fier le(s) mécanisme(s) par le(s)quel(s) 
l' acti vité so laire influence l'abondance de porcs-épics. Notre étude confilme l 'existence 
d' une cOlTélation entre les vari ations d 'activité solaire et le taux d 'accroissement de la 
population d 'étude. De plus, la radiation solaire est corrélée avec les précipitations 
hivernales, elles-mêmes corré lées aux vari at ions observées dans la survie hi vernale des 
porcs-ép ics (j uvéniles et adul tes). L 'examen des causes de morta lité indique que les taux de 
prédation sont plus élevés les années de fortes précipitations hivernales et que la prédation 
sur les porcs-épics adultes semble liée à la présence de neige au so l. Les vari ations d 'acti vité 
so laire pourraient donc affec ter la taille des populations de porcs-épics par des effets en 
cascades sur les précip itations hivernales, les taux de survie des porcs-épics en hiver, et une 
fl uctuation des taux de prédation en fo nction des conditions de neige. Notre étude confinne 
1 ' hypothèse générée par Klvana et al. (2004) et identi fie un mécanisme poss ible par lequel le 
cli mat hivernal pourra it affecter la dynamique des populations de porcs-épics. 
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3.1. Abstract 
Understanding the effects of climate on population dynamics of mammals is plagued by 
experimental difficulties . One way to move ahead with climate research may be to alternate 
large and small-scale studies on a given system. ln such a "cyclical scaling", large-scale 
studies serve to generate hypotheses that can be challenged with small-scale studies. Klvana 
et al. (2004) showed that North American porcupine (Erethizon dorsatum) populations in 
eastern Québec have regularly fluctuated over the past 130 years in relation to fluctuations in 
the solar cycle and local weather variab les. This generated the hypothesis that solar activity 
may affect porcupines' abundance through effects on weather variab les. We used a small-
scale study to challenge this hypothesis and shed light on the mechanism(s) linking porcupine 
abundance to weather conditions. We stalted in 2000 a capture-recapture study which implied 
systematically searching and capturing porcupines in May and August each year. This design 
allowed estimating "summer" (May to August) and "winter" (August to May) survival rates 
between 2000 and 2005 . Summer survival was high and constant over the study period (mean 
monthly survival: 0.86 for juveniles and 0.97 for individuals ~1-yr-old) while winter survival 
was lower and variab le from year to year (mean monthly survival: 0 .53-0.83 for juveniles and 
0.84-0.96 for individuals ~ l-yr-old). Local winter precipitation was negatively correlated to 
solar irradiance and explained a large part of the variation in winter surviva l (r2 = 0.87) with 
winter survival being negatively influenced by winter precipitation. Predation rates were 
elevated in years of high winter precipitation and 95% of depredated porcupines were killed 
when snow was covering the ground. Predation rates thus appeared strongly related to snow 
conditions, and variations of predation rates according to snow conditions may explain the 
observed relationship between winter precipitation and survival of porcupines. 




A growing number of studies indicates that climate affects population dynamics of 
mammals (Krebs & Be11eaux 2006). Climate can have direct effects on individuals (for 
example winter weather influences population dynamics through effects on locomotion 
(Telfer & Kelsall 1984) or thermoregulation (Cook et al. 1998)); or indirect ones by affecting 
species interactions . For example, deep snow may influence predator-prey relationships (Post 
et al. 1999b, Hebblewhite 2005) and access to food resources (Turner et al. 1994, Post & 
Stenseth 1999). Obviously, the different ways in which climate influences population 
dynamics are complex and our understanding of mechanisms linking climate to population 
growth rate is limited (Owen-Smith & Mills 2006). Because we can hardly manipulate 
climate, testing specifically for changes driven by weather variations is plagued by 
experimental difficulties. The two main approaches that have been used are 1) small scale 
studies that aim at determining mechanisms linking weather variations and changes in 
biological processes; and 2) large scale studies (i.e. data collected over long time periods 
and/or large areas) that aim at correlating the observed climatic variability with changes in 
ecosystem functioning. Both approaches have important drawbacks and Root and Schneider 
(1995) suggested alternating studies performed on large and small scales to move ahead with 
climate research. ln such cycles of analysis , large-scale studies would generate hypotheses 
that wou Id be tested using small-scale studies. 
The solar cycle is known to have an impact on weather (Sinclair et al. 1993) with 
cascading effects on entire ecosystems (Verschuren et al. 2000, Hodell et al. 2001). For 
instance, the reproductive output of snowshoe hares in Yukon was found to be cyclic and 
highly correlated with sunspot numbers with a two years time lag (Stefan & Krebs 200 l, 
Krebs & Be11eaux 2006). Possible mechanisms involved in this relationship include an effect 
of solar activity on snow depth which might in turn affect food supplies (Krebs & Berteaux 
2006) and lynx hunting success (Sten seth et al. 1999,2004). North American porcupine 
(Erethizon dorsatum) populations in the Bas St. Laurent region of eastern Québec seem also 
to be affected by the solar cycle. Klvana et al. (2004) found that an index of porcupine 
abundance (porcupine feeding scars) was related to fluctuations in the solar cycle, winter 
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precipitation, snowfall, and spring temperature over the past 130 years. As for the snowshoe 
hares, one possible mechanism linking solar activity to porcupine abundance could be that 
the solar activity affects snow conditions which may in turn affect access to food resources 
(Roze 1989) or hunting behaviour of predators (e.g. coyotes, Thibault & Ouellet 2005). The 
solar activity could also influence spring tempe rature which can have direct effects on 
thermoregulation of juvenile porcupines (Haim et al. 1992) or indirect effects on condition of 
individuals through an impact on vegetation growth (Albon et al. 1987, Langvatn et al. 1996, 
Post & Stenseth 1999). Klvana et al. (2004) did not identify the mechanism(s) linking 
porcupine abundance to weather conditions but their study, made on a large temporal and 
spatial scale, raised the hypothesis that solar activity influenced population dynamics of 
porcupines through an effect on local weather variables. Following the approach suggested 
by Root and Schneider (1995) , we set up a study on a smaller temporal and spatial scale, and 
in the same porcupine population as in Klvana et al. (2004) to challenge this hypothesis and 
shed light on the mechanism(s) lin king porcupine abundance to weather conditions. 
We stm1ed a multi-annual capture-recapture study that allowed us to estimate annual 
population size, "summer" (May to August), and "winter" (August to May) survival rates 
separately, and to determine causes of mortality for the carcasses we found . Reliable 
estimates of annual survival rates have been calculated using capture-recapture designs for 
several mammal species (e.g. Jorgenson et al. 1997 on bighorn sheep, Bonenfant et al. 2002 
on red deer, Ozgul et al. 2006 on yellow-bellied marmots, Baker & Thompson 2007 on monk 
seals) but calculations of seasonal survival rates from individual-based capture-recapture data 
are infrequent, especially in mammals (but see Lima et al. 2001 on mouse opossums, Crespin 
et al. 2002 on bank voles, Lima et al. 2002a on leaf-eared mouse, Sendor & Simon 2003 on 
pipistrelle bats). Using seasonal survival rates is crucial to understand how mortality risks 
faced by animais vary during their annual cycle (Gauthier et al. 2001). ln pm1icular, in our 
system, we were interested in distinguishing effects of spring temperature on summer and/or 
winter survival and in assessing differences in variability between winter and summer 
survival rates. 
Our study, based on a small temporal and spatial scale, allowed us to test for a 
relationship between porcupine abundance, solar activity, and local weather, and to determine 
whether the effects of local weather on porcupine abundance are mediated tlu'ough changes in 
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predation risk. To do so, we tested the following predictions: first, changes in abundance of 
porcupines are correlated with solar activity. Second, solar activity is cOITelated to winter 
precipitation, snowfall, and spring temperature. Third, changes in winter precipitation, 
snowfall and spring temperature are correlated to changes in abundance of porcupines. More 
specifically in long-lived vertebrates, survival is the demographic parameter that has the 
largest influence on changes in abundance (i.e. the largest elasticity) (Gaillard et al. 2000, 
Saether & Bakke 2000, Eberhardt 2002). Because N0l1h American porcupines are relatively 
long-lived (Roze 1989), we therefore investigated the relationship between survival of 
porcupines and local weather with the predictions that an increase in winter precipitation 
and/or snowfall and a decrease in spring tempe rature should lead to a decrease in survival of 
porcupines. 
Finally, in a fourth step, we investigated some potential mechanisms linking weather 
variables to survival of porcupines. Three non-exclusive mechanisms can be proposed, each 
leading to specific predictions: 
1) Low spring tempe ratures increase starvation probability of neonates and then 
decrease juvenile summer survival. Young mammals are sensitive to hypothennia because of 
their immature thennoregulatory system (Hull 1973, Leon 1986). We therefore expected 
juvenile porcupines to show reduced summer survivorship in years of low spring 
temperature. 
2) Low spring temperatures and high snowfall/winter precipitation increase winter 
starvation probability and then decrease winter survival. Low spring temperatures can 
decrease primary productivity (Langvatn et al. 1996), which could in turn reduce rail body 
condition and influence winter survival of herbivores (Loison & Langvatn 1998, Portier et al. 
1998). ln winter, the presence of snow covering the ground impedes movements of 
porcupines and decreases their access to food resources (Roze 1984). We therefore predicted 
low spring temperatures and high snowfall/winter precipitation to negatively influence winter 
survival rates ofporcupines through increased starvation rates. 
3) High snowfall and/or high winter precipitation increase winter predation probability 
and then decrease winter survival. ln presence of snow, predators can modify their hunting 
behaviour so as to increase hunting efficiency on some prey (Post et al. 1999b, Jedrzejewski 
et al. 2002, Hebblewhite 2005) and to relieve hunting pressure on others (Lindstrom & 
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Hornfeldt 1994, Gese et al. 1996a, Selas & Vik 2006). Prey living above the snow surface 
usually suffer higher predation risk as snow deepens. We therefore expected winter predation 
rates on porcupines to increase in years of high snowfall/winter precipitation. 
3.3. Material and methods 
Study population 
We worked from May 2000 to May 2006 in a ca. 2 km2 area of Parc National du Bic 
(48°20'N, 68°46'W, elevation 0-150m), Québec, Canada. The study area is fragmented by 
abandoned and cultivated fields and characterized by a rugged topography, abundance of 
natural rock dens, and a mixed boreal forest. We captured porcupines in open fields during 
intensive capture sessions in May and August every year from 2000 to 2004 and in May only 
in 2005 and 2006 (Table 3.1). Each night ofsurvey involved one to six observers (usually 
two) who patrolled the study area on foot or bicycle for one to nine hours (usually five). We 
sexed, weighed, aged (as juvenile, subadult, or adult using body mass in May, Berteaux et al. 
2005), and permanently marked porcupines upon capture with metal ear tags (Be11eaux et al. 
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2005, Morin et al. 2005). We also used telemetry to monitor individuals and fitted radio 
collars (Lotek SMRC-5RB VHF transmitters, Lotek Wireless Inc. , Newmarket, ON, Canada, 
L3Y 7B5) on 97 individuals for 23576 porcupine-days (Table 3.1). 
Parturition period is mid-May to late June so we considered a population-year to start in 
May (e.g. year 2000 extends from May 2000 to April 2001) . We estimated minimum 
population size for a given year as the number of different individuals observed between May 
and April of the following year. Open fields are very attractive to porcupines for feeding in 
summer and porcupines were easily observed when using fields. We are therefore confident 
that vi11ually ail porcupines present in the study area were captured or observed at least once 
each year. As a confirmation, we rarely found marked animais not observed one year and 
later relocated (only three and four animais, respectively in 2001 and 2002, which we added 
to the population size for the year that they had not been observed). 
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Table 3.1 : Monitoring effort according to season and year in a North American porcupine population in Parc National du Bic, 
Québec, May 2000-May 2006. Survey con esponds to the number of nights and person-hours spent searching for porcupines 
randomly in the study area. Radio-tracking conesponds to the effo11 made following porcupines by telemetry (number of individuals 
followed , proportion of the total popu lation, and mean number of days bearing a collar) 
2000 2001 2002 2003 2004 2005 2006 
Survey 
May 
nights 20* 20* 26 20 22 18 10 
person-hours 150* 150* 481 .3 195.2 319.1 224.7 88.0 
August 
nights 15* 14 14 5 12 0 0 
person-hours 100* 151.8 152.5 69.0 140.1 0 0 
Radio-tracking 
Summert 
n (proportion of males) 12 (8 .3) 51 (52.9) 13 (46.2) 38 (47.4) 23(39.1) 0 0 
% ofmarked individuals 10.3 60.7 19.7 86.4 100 0 0 
days per individual 29 ± 6 62 ± 5 62 ± 10 91 ± 7 79 ± 10 0 0 
Wintert 
n (propo11ion of males) 21 (61.9) 0(0) 19(57.9) 38 (47.4) 15 (33 .3) 0 0 
% ofmarked individuals 18.0 0 28.8 86.4 65 .2 0 0 
days per individual 54 ± 6 0 147 ± 15 186 ± 10 162 ± 13 0 0 
tS ummer, May to August ; Winter, September to April. *estimated minimum numbers (precise record of searching effût1 started in 
August 2001 only) 
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Study design 
We first tested if changes in abundance of porcupines conelated with solar irradiance 
during the study period. Second, we tested if solar irradiance conelated with local weather 
variables. Then, we estimated winter and summer survival of porcupines from May 2000 to 
May 2005 in order to test for an effect of local weather on survival. Because time-lag effects 
of weather on phenotypic and demographic traits can be important (Post & Stenseth 1999, 
Post 2005), we investigated for a direct and for a delayed influence of environmental 
covariates on survival (lags 1-2 years) . Finally, to determine which age-class was the most 
sensitive to changes in local weather, and whether changes in survival were mainly due to 
changes in predation or starvation rates, we examined causes of mortality according to year, 
season and age classes. 
Relationship between abundance of porcupines and solar irradiance 
We used estimates of population size to calculate population growth rate as: 
rf = N f +1/N f (1) 
in which rf is population growth rate for year t, Nf is population size in year t and N f + / is 
population size in the following year. We used a Pearson correlation to test for an association 
between population growth rate and total solar irradiance monitored with absolute 
radiometers placed onboard satellites (daily irradiance in W/m2 as calculated by Frohlich 
(2000), averaged over a year). We obtained solar irradiance data from the World Radiation 
Center (Physicalisch-Meteorologisches Observatorium Davos, PMOD/WRC, Switzerland, 
unpublished data from the VIRGO Experiment on the cooperative ESA/NASA Mission 
SoHO) and standardized it ((value - mean)/SD) before analyses. Solar irradiance is more 
likely to be a biologically and climatically explicative measure of the solar activity than the 
traditionally used sunspot number (Klvana et al. 2004). However, we also perfonned analyses 
using the sunspot number (obtained from the World Data Center for the Sunspot Index), 
given its widespread lise in the ecological literature. We found similar results using either 
measure so results using sunspot numbers are not shown. Below we use solar activity and 
solar inadiance as synonyms. 
Relationships between solar irradiance and local weather variables 
We used Pearson correlations to test for a correlation between solar irradiance and 
weather variables. Based on Klvana et al. (2004), we considered three weather variables: 
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winter precipitation (total precipitation in mm, between November and April), snowfall (in 
cm, between November and April) and spring temperature (mean monthly temperature in oC, 
averaged over May and June) . We obtained weather records from the Environment Canada 
weather station at Rimouski , about 20 km from our study site (48°27'N, 68°31 'W). We 
examined relationships between solar irradiance and weather parameters for years 1998 to 
2004 because we tested for effects of environmental covariates on survival with lags of up to 
two years (i.e. stalting in 1998) and because 2004 was the last population year we used in 
survival analyses (see below). We standardized weather data before analyses. 
Seasona! survival rates 
We detennined fates of porcupines through capture, visual and radio-telemetry 
observations (hereafter called porcupine observations) . Survival analyses included only 
porcupines that died naturally (i .e. not from research related reasons, see below). Our dataset 
consisted in 82 females (12 captured for the first time as juveniles, 16 as subadults , and 54 as 
adults) and 77 males (16 captured for the first time as juveniles, seven as subadults, and 54 as 
adults) . Preliminary analyses indicated that survival was similar for subadults and adults so 
that we only considered two age classes: juveniles and individuals 2: l-yr-old. We used 
methods detailed in Loison et al. (1994) to include different ages at capture in the estimation 
procedures. We estimated seasonal survival rates of porcupines from May 2000 to May 2005 
(k = Il occasions of captures). We defined as "summer survival" the survival from May-June 
to August and as "winter survival" the survival from August to May-June. The lengths of our 
"summer" and "winter" periods were thus four and eight months, respectively. We used 
observations from May and June to determine presence at the beginning of summer because 
using only May would have reduced our sample size (n = 139 instead of 159), especially for 
juveniles (n = 18 instead of 28). lndeed, juveniles are born at the end of Mayor beginning of 
June so that many of them were observed for the first time in June and died during their first 
summer (i.e. were not observed in August). 
We performed survival analyses using capture-mark-recapture methods (Lebreton et al. 
1992), using the program M-SURGE 1.7.1 (Choquet et al. 2004, 2005) which can take into 
account unequal interval lengths between capture occasions. The fit of our data to the 
Cormack-Jolly-Seber model was acceptable (Goodness of fit test using U-CARE 2.02 
(Choquet et al. 2003 , Pradel et al. 2003): Chi2 = 39.620, df= 29, P = 0.090) so that we used 
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this model as a starting point for mode! selection (Lebreton et al. 1992). As survival rates 
were the parameters of interest in our study, we first mode lied sighting probabilities to have 
more statistical power when modeling survival (Lebreton et al. 1992). We carried out model 
selection following the parsimony principle based on Akaike infonnation criterion corrected 
for small sample sizes (AI Cc, Burnham & Anderson 2002). We considered models that were 
different by less th an two units of AICc to be competitive to explain the data (Burnham & 
Anderson 2002). As it was impossible to distinguish mortality from pennanent emigration, 
we refer to apparent rather th an absolute survival. However, we believe apparent survival is 
close to absolute survival in our population because we only observed five marked 
individuals in the regularly surveyed areas adjacent to our study site. 
We first tested for the effects of sex and age on survival. lndeed, North American 
porcupines are sexually dimorphic (male/female mass ratio in late summer = 1.22) and 
mammalian populations are commonly age-structured (Charlesworth 1994), so that we 
expected age and sex-differences in survival. Following Klvana et al. (2004), we then tested 
for an effect of winter precipitation, snowfall, and spring temperature on survival rates. We 
used standardized weather data and tested for direct and delayed (lags: 1-2 years) effects on 
survival. 
The percentage ofyearly variations in survival that is explained by an environmental 
covariate was calculated following Schemper (1990): 
2 Deviance(covariate) - Deviance(constant) 
r =--------~------~--------~------~ 
Deviance(year) - Deviance(constant) 
where covariate, year and constant refer to the models with covariate-dependent, time-
dependent and constant survival rates . 
Causes of mortality 
(2) 
We located dead porcupines during surveys (n = 13) or using radio-telemetry (n = 47). 
Since we did not perfonn telemetry in winter 2001 and years 2005 and 2006 (Table 3.1), we 
considered that sem"ching effOlt was insufficient those years (n = 4 carcasses found) and 
excluded these periods from analyses. Three porcupines died during anaesthesia and three 
died when they got hung by their collar in a tree. We excluded these unnatural deaths from 
analyses. We therefore determined probable cause of mortality for 50 animais that died in 
2000, 2002, 2003 and 2004. We classified carcasses as dead from starvation (not injured and 
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emaciated), road kills, dead from tree fall (injured and found under a tree) or predator killed. 
We considered a porcupine as killed by predators either when its radio-collar was retrieved 
bearing visible traces of blood and its carcass could not be fo und (n = 8 porcupines) or when 
remains of skin, intestines or stomach (Sweitzer 1996) were found, along with predator signs 
(tracks, scats) or not (n = 20). Sweitzer (1996) used the presence of intestines or stomach on 
carcasses to discriminate depredated porcupines from scvavenged carcasses. ln addit ion, we 
found most carcasses shortly (i.e. 1-2 days) after we detennined mortality from the audib le 
change in the telemetry signal. We are therefore confident that porcupines that we considered 
as killed from predators were actually depredated animais and not porcupines dead from 
other causes and later scavenged. Potential predators in our study site included fishers 
(Martes pennanti), coyotes (Canis latrans) and great horned owls (Bubo virginianus). We 
recorded predator identity when possible. We used G-tests (Sokal & Rohlf 1981) to compare 
the causes of mortality across years, and between age classes (two age classes were 
considered: juveniles and individuals 2: 1-yr-old). 
Predation and starvation were the two main mortality causes in our population (see 
Results) , so we also used G-tests to examine whether proportions of juveniles and ind ividuals 
2: l-yr-old dying from predation and starvation were different between seasons (summer vs 
winter). Because we hypothesized that the presence of snow on the ground cou ld affect 
predation and starvation rates, we further separated the winter season in two periods for 
analyses of causes of mortality: winter but no snow (from September to approximate ly mid-
November) , and winter with snow covering the ground (approximately from mid-November 
to end of April). 
3.4. Results 
Relationship between abundance of porcupines and so/ar irradiance 
We observed a strong decline in abundance of ail age classes in our study population, 
from a total of 117 individuals captured in 2000 to only one individual in 2006 (Table 3.2) . 
Consistently, overa ll population growth rate was < 1 in ail years (i.e. the population size was 
decreasing) and varied from 0.72 in 2000 to 0.25 in 2005 (Table 3.2). Population growth rate 
was positively corre lated to solar Ï1Tadiance (r = 0.94, P = 0.006, n = 6). 
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Table 3.2 : Structure and size of a NOith American porcupine population followed in Parc 
National du Bic, Québec, May 2000-May 2006. Population growth rate was calculated as 
j2oj2ulation size in ;iear t+ 1 divided b;i j2oj2ulation size in ;iear t 
2000 2001 2002 2003 2004 2005 2006 
Juvenile males 7 1 4 3 2 0 0 
Juveni le fema les 2 3 1 3 3 0 0 
Subadult males 6 2 2 0 0 0 0 
Subadult females 10 3 2 0 2 0 0 
Adult males 47 38 27 17 7 1 0 
Adult females 45 37 30 21 9 3 
Total 117 84 66 44 23 4 
Growth ra te 0.72 0.79 0.67 0.52 0. 17 0.25 
Relationships between solar irradiance and local weather variables 
The solar irradiance was negatively corre lated with winter precipitation (r = -0. 81, P = 
0.027, n = 7) but only marginally with snowfall (r = -0.71, P = 0.076, n = 7) and not at ail 
with spring temperature (r = 0.18, P = 0.700, n = 7) (see Fig. 3.1). 
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Figure 3.1 : Standardized yearly solar irradiance, winter precipitation, snowfall and spring 
temperature between 1998 and 2004. Solar irradiance was obtained from the PMOD/WRC 
(Davos, Switzerland), and weather records from the Environment Canada weather station at 
Rimouski , about 20 km from Parc National du Bic, Québec. 
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Seasonal survival rates 
The se lected mode! included capture rates that were a function of age and season, with 
summer capture rates dependent on telemetry effort (Table 3.3). Juveni les were less likely to 
be recaptured th an individuals ~ 1 -yr-old; recapture probability in May was higher than in 
August (0.95 and 0 .92 in May vs 0.70 and 0.63 in August for juveniles and individuals ~ I-yr-
old , respectively) and recapture probabi lity in August was higher when >50% of marked 
animais were followed by telemetry (i.e. in 200 1, 2003 and 2004, see Tab le 3.1) . 
Table 3.3 : Model se lection for sighting probabilities (P) in a population of North American 
porcupines , Parc National du Bic, Québec, May 2000-May 2005. We used data on 159 
indi viduals. We considered survival rate to be time-dependent (<Pt) in ail models and tested for 
an effect of sex, age (a, considering two age classes : juveniles and ~ 1 -yr-old), season (s), and 
year (y) on s ighting probabilities. We tested for an effect of use of telemetry on summer 
s ighting probability and coded 0: years when <50% of marked individuals were followed by 
telemetry (i. e. low telemetry effort in 2000, 2002), 1: years wh en >50% of marked 
individuals were followed by telemetry (i.e. high telemetry effort in 2001 , 2003, and 2004). 
Model in bold represents the se lected model 
Biological meaning Notationt Deviance np* L'lA ICe** 
Sighting probability is time-dependent Pt 807.436 19 9.7 10 
Constant sighting probability p 869.156 II 51.758 
Sex effeet P t + sex 807.266 21 14.8 17 
Age effeet pt + a 803. 149 2 1 10.700 
Add itive effeet ofyear and season + age p y + S + a 8 10.954 17 8. 100 
Effeet of year only + age effeet P y + a 855.595 16 50.232 
Year effeet in winter only + age effeet P Ua P 
w 823 .468 17 20.614 y + a 
Year effeet in summer only + age effeet U w P y + a P a 808.259 17 5.405 
Summer sighting probabili ty U w 
P tclem + a P a 810.277 14 0.000 
dependent on telemetry + age cffect 
tu, summer; W, winter; *np, number of estimated parameters ; * * L'lA ICe, differenee in AICe with 
the seleeted model 
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Surv ival was a function of age and season, with time-dependent w inter survival (Table 
3.4). Juveniles exhibited lower survival than indiv iduals 2: 1-yr-o ld, whatever the season 
considered. Summer surviva l was high and constant over the study period (mean monthly 
surviva l ± SE: 0 .86 ± 0.06 for juveniles and 0.97 ± 0.01 for individuals 2: 1-yr-old) while 
winter survival was lower and variab le from year to year (mean monthly survival: 0.53 -0.83 
fOl·j uveniies and 0.84-0.96 for individuals 2:1-yr-old, Fig. 3.2). Winter precipitation 
eXplained a large pa11 (r2 = 0.87, Tabl e 3.5) of the yearly variations in winter surviva l (i.e. to 
include this covariate decreased Alec by 5 units, Table 3.5). Snowfall al one eXplained a 
moderate amount of variat ion in winter survival whereas spring temperature explained little 
variation (Table 3.5). Winter surviva l was inverse ly related to winter precipitation (Fig. 3.2) 
and, because of the inverse relationship between winter precipitation and solar ilTadiance, 
pos itive ly re lated to so lar irradiance (F ig. 3.2). We found no evidence ofa lagged effect (one 
and two years) of winter precipitation, snowfall , or spring temperature on winter survival 
(Table 3.6). 
Table 3.4 : Tests of the effects of sex, age (a, considering two age classes: juveni les and 2: 1-
yr-old), season (s) and year (y) on seasonal survival rates (~) in a popul ation of North 
American porcupines, Parc National du B ic, Québec, May 2000-May 2005. We Llsed data on 
159 individuals and modeled sighting probabilities following model se lected in Table 3.3. 
Model in bold represents the selected model 
Biolog ical meani ng Notationt Deviance np* L'.A ICc** 
Constant surviva l <p 840.892 5 3 1. 84 1 
Sex effect <Pt + sex 8 10.24 1 15 24. 155 
Age effect <Pt + a 79 1.1 99 15 5.11 3 
Addi ti ve effect of year and season + age <py + S + a 799.204 Il 3.557 
Effect of year only + age effect <py + a 807.256 10 9.299 
Year effect in summer only + age effect <p U w y + a <P a 807.998 Il 12.35 1 
Year effect in winter only + age effect <j>ua <j>wy+ a 795.637 11 0.000 
tU, summer; W, winter; *np, number of estimated parameters ; **L'.A ICc, difference in A ICc with 
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Figure 3.2 : Mean monthly sUl·vival probability between August in year t and May in year t 
+ 1 according to age (white symbols: juveniles; black symbols : individuals :::: l-yr-old) in a 
North American porcupine population, Parc National du Bic, Québec, August 2000-May 
2005. Results correspond to estimated values (mean ± SE) from model selected in table 3.4. 
Secondary axis shows environmental covariates related to winter survival: dotted line 
corresponds to mean solar irradiance (for year t, in W/m2) , long-dashed line corresponds to 






















Table 3.5: Tests of the effects oflocal weather vari abl es on wi nter survival rates (<I>w) in a populati on of North American porcupines, 
Parc National du Bic, Québec, May 2000-May 2005. We used data on 159 indi viduals. Model in bold represents the selected mode!. 
We show the percentage ofyearly variation in sUl'v ival that is explained by each environmental covariate (r2) 
Biologica l meaning 
Year effect in winter only + age effect,F om Tab le 3.4 
Wi nter survival dependent on win ter precipitation + age effect 
Winter surv ival de pende nt on snowfall + age effect 
Winter survival dependent on spring temperature + age effect 
No yearly variation in winter survival + age effect 
Notationî 
<j> Ua <j> wy + a 
<j> U a <j> W Precipitations + a 
<j> U a <j> W Snowfall + a 
<j> U a <j> W Spring + a 
<j> Ua <j> wa 
Deviance np* t.AICc** 
795 .637 Il 5.041 
797.442 8 0.000 
802.543 8 5.10 1 
808 .327 8 10.885 






î U, summer; W, winter; y, year; a, age modelled as two age classes (juveniles, 2: 1-yr-old); *np, number of estimated parameters; ** t.AICc, 
di fference in AICc with the selected model 
Table 3.6: Tests oflagged (one year: y- l ; two years: y-2) effects ofwinter precipitation on winter survival rates (<I>w) in a population 
of North American porcupines, Parc National du Bic, Québec, May 2000-May 2005. We used data on 159 individuals. Model in bold 
represents the selected mode!. We also performed tests of lagged effects of snowfa ll and spring temperature on surviva! but don' t 
show resu!ts here since no model was better than the se!ected model 
Biological meaning Notati onî Deviance np* t.AICc** 
Direct effect of precip itations + age effect,Fom Table 3.5 U <j>W <j> a Precipitations + a 797.442 8 0.000 
Lagged effect of prec ipitations (y-I ) + age effect <j> ua <j> W Precipi ta tions (y_l ) + a 809.678 8 12.236 
Lagged effect of precipitations (y-2) + age effect <j> U a <j> W Prec ipitations (y-2) + a 805 .747 8 8.305 
îU, summer; W, winter; y, year; a, age modelled as two age classes (j uven il es, 2: 1-yr-old); *np, number of estimated parameters; ** t.AICc, 
di fference in AICc with the selected model 
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Causes of mortality 
We assigned a probable cause of mOltality to 46 of the 50 porcupines examined. 
Predation (n = 28 [60 .9%]) and starvation (n = 13 [28 .3%]) were the main causes of 
mortality. Tree fal! (n = 3) and road kil! (n = 2) together represented 10.8% of the mortalities. 
We detem1ined predator identity for 14 of the 28 predation events observed. Fishers were 
responsible for 86% (n = 12) and coyotes for 14% (n = 2) of these predations. The proportion 
of mottalities due to predation vs. other causes (starvation, tree fall and road kill combined) 
was not constant through time (G = 8.640, df = 3, p = 0.034) and increased from 40% in 2000 
and 2002 to 91.7% in 2004 (Fig. 3.3). Causes ofmortality did not differ between age classes 
(G = 1.399, df = 3, p = 0.706, Fig. 3.4) . 

















2000 2002 2003 2004 
Figure 3.3 : Causes of mortality determined for carcasses found during monitoring of a 
NOIth American porcupine population in Parc National du Bic, Québec, May 2000-May 
2006. Percentage of carcasses dead by starvation, road ki ll , tree fal! and predation are shown 
respectively in white, Iight grey, dark grey and black. Sample sizes for each year are 
























0 ,- --- ,--~-,-
Starvation Road Kill Tree Fall Predation 
Figure 3.4 : Causes of mortality for dead juveni les (in white, n = 9) and individuals 2 1-yr-
old (in black, n = 37) in NOith American porcupines, Parc National du Bic, Québec, May 
2000-May 2006 . 
Among depredated animais (six j uveniles, 22 individuals 2 1-yr-old), timing of death 
differed between age c lasses (G = 26.324, df= 2, p<O.OOI). Juveni les were ki lled mainly in 
summer (83.3% in summer vs . 16.7% in winter, Fig. 3.5a) and individuals 2 1-yr-old 
exclusively in winter and almost exclusively when snow was covering the ground (95.5% 
when snow was covering the ground, Fig. 3.5a) . Among starved animais (two juveniles, II 
individuals 2 1-yr-old), timing of death did not differ between age classes (G = 0.731 , df = 2, 
P = 0.694) with most of the starvations occulTing when snow was covering the ground for 
both age classes (100 and 81. 8% of the deaths by starvation happened when snow was 
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Figure 3.5 : Season of mortality for the: a) depredated juvenil es (in whi te, n = 6) and 
individuals ::=: l-yr-old (in black, n = 22), and b) starvedjuveniles (in white, n = 2) and 
individuals ::=: l-yr-o ld (in black, n = II ), in North American porcupines, Parc National du Bic, 
Québec, May 2000-May 2006. Seasons were defined as: summer (from May to August), 
winter but no snow (from September to approximate ly mid-November) , and winter with 
snow covering the ground (approximately from mid-November to end of April). 
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3.5. Discussion 
Relationship between abundance of porcupines and solar irradiance 
We observed a strong decline in abundance of porcupines from 2000 ongoing. Density of 
porcupines concomitantly dropped (from ca. 40 to ca. three animaIs per km2 between 2000 
and 2006, Y. Lemay UQAR, unpublished data) in other areas of the Parc National du Bic 
where no captures were performed so that we are confident that our study design is not 
responsible for the observed dec\ine. As it was hypothesized from Klvana et al. (2004) , 
changes in abundance of porcupines were correlated to solar irradiance at our study site. Our 
first prediction was therefore supported. We now discuss how solar activity could influence 
abundance of porcupines in eastern Québec through cascading effects on winter precipitation, 
win ter survival rates, and predation rates on porcupines. 
Relationship between solar irradiance and winter precipitation 
We found that high solar activity was associated with low levels of winter precipitation. 
Klvana et al. (2004) also found a link between solar activity and winter precipitation when 
analysing weather records for the same area for the 1877-2000 time period. In their study, 
both time series showed regular periodicities, with a lag of four to five years between the two 
cycles. A significant number of studies have found correlations between solar activity and 
different meteorological parameters (reviews in Tsiropoula 2003 , Versteegh 2005). Positive, 
negative or non-existent correlations have been reported between local weather and solar 
activity . Sorne were direct (e .g. Currie 1993, Lean et al. 1995) white others were delayed 
correlations (e .g. Perry 1994, 2006). Such conflicting evidence gives a confusing and 
contradictory picture of solar influences on the earth 's climate. One reason for this confusion 
may be that solar effects on meteorological parameters differ in various geographical regions 
and at different time periods. Indeed, sorne reversaIs between solar activity and weather 
variables have been reported in the literature. We found no significant correlation between 
solar irradiance, snowfall and spring tempe rature between 1998 and 2004 white Klvana et al. 
(2004) found those series to remain in phase between 1877 and 2000. One explanation may 
be that we were faced with a breakdown of the link between solar irradiance and sorne local 
parameters. Alternatively, the statistical tool we used (i .e. direct correlations) may have been 
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too simplistic to detect complex relationships such as those that can be inferred using wavelet 
analyses (Tsiropoula 2003, Klvana et al. 2004). ln any case, our second prediction was at 
least partly supported in that we found a direct negative relationship between solar activity 
and winter precipitation. More generally, the impact of solar variability to our local 
environment will be certainly discussed for many more years until a linking mechanism is 
identified. However, we believe that reporting observed correlations may help understanding 
the existing relationships between sun and c1imate. 
Seasonal survival rates 
In long-lived veliebrate species such as porcupines, popul ation growth rates are sensitive 
to survival , and especially to adult survival (Gaillard et al. 2000, Saether & Bakke 2000, 
Eberhardt 2002) . Demographie parameters with high elasticities are expected to be canalized 
aga inst environmental variations and to exhibit Iimited temporal variability (Gaillard & 
Yoccoz 2003). ln populations of porcupines, adult survival is thus expected to be the life 
history trait least affected by local weather. On the other hand, juvenile sllrvival has often a 
low elasticity but exhibits large variability, and thus can greatly affect population growth rate 
(Gaillard et a l. 1998, Gaillard et al. 2000) . Conseqllently, juvenile survi va l is expected to be a 
life hi story trait greatly affected by weather variability. We found both juvenile and ad ult 
survival rates to be variable in our population . The decline in winter adult survival over time 
is likely a major cause of the decline in the size of our population and our study gave us the 
rare oppOliunity to witness a population crash while documenting variations in a 
demographic parameter with high elasticity. 
Winter is often pointed out as a critical period for herbivorous mammals because the 
energy demand is high while the available food is of low quality (Halfpenny & Ozanne 1989, 
Robbins 1993). However, reliable estimates of seasonal survival rates are rare (but see Lima 
et al. 200 l , Crespin et al. 2002 , Lima et al. 2002a, Sendor & Simon 2003) and factors 
affecting survival on a seasonal basis have been poorly explored. Calculating seasonal 
survival rates allowed us to identify winter as the most critical period of the annual cycle for 
the survival ofporcupines. We found that winter precipitation explained a large pmi of the 
vari ab ility observed in winter survival, with low levels of winter precipitation being 
assoc iated with high winter survival. Our third prediction was therefore supported in that an 
increase in winter precipitation led to a decrease in survival of porcupines. How winter 
precipitation influenced winter survival of porcupines is examined below. 
Mechanism linking winter precipitation to win ter survival 
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North American porcupines are short-limbed animais and presence of snow covering the 
ground greatly reduces their mobility (Roze 1984, 1987). Snow increases probability of 
starvation of porcupines (Sweitzer et al. 1997), possibly by increasing energy expenditure 
(through elevated locomotion costs) and/or decreasing energy acquisition (through a limited 
access to food resources). Snow may also increase porcupines' probability of death by 
predation either directly by reducing their escape ability (Huggard 1993) or indirectly 
because starved animais may be more susceptible to predators (Sweitzer 1996). Furthennore, 
predators may show variable hunting efficiency (Gese et al. 1996b, Thibault & Ouellet 2005) 
and/or may shift to more vulnerable prey (Patterson et al. 1998, Patterson & Messier 2000) 
according to snow conditions . 
We observed higher predation rates in years with high levels ofwinter precipitation. We 
also found that predators killed adult porcupines almost exclusively when snow was covering 
the ground. Either because adult porcupines were more vulnerable in presence of snow coyer, 
because predators were more efficient, or because they shifted to hunt porcupines when snow 
deepened, predation rates appeared strongly related to snow conditions in our system. 
Fishers were the main predators of porcupines in our study area. Fishers are efficient 
predators of the NOith American porcupine (Earle & Kramm 1982, Powell 1993) and their 
number has been rapidly increasing in eastern Québec since the middle of the 1990s (Poulin 
et al. 2006). They feed primarily on snowshoe hares wh en available (Powell 1993, Maltin 
1994), but may weil switch to porcupines when snow deepens. lndeed, snowshoe hares are 
light animais that are characterized by a low foot-load (Murray & Boutin 1991) so their 
s inking depth in fresh snow should increase more slowly compared to fishers' and 
porcupines' . ln deep snow, fishers may then be unable to chase hares and therefore switch to 
preying on porcupines, which are a more risky (because of quills) but less energetically costly 
prey to run after. 
Because we did not monitor predator density, we are not sure wh ether higher predation 
rates were due to an increase in predator density, to a functional response of predators to 
increasing snow coyer, or both . However, because we found that winter precipitation was 
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correlated with winter survival in our population, and because adult predation occurred only 
in the presence of snow), we believe that changes in predator efficiency, predator behav iour, 
or prey susceptibility are the factors most likely eXplaining why variations in winter 
precipitation influenced survival. 
lnterestingly, we found that winter precipitation explained more variability in porcupine 
survival than snowfall. We hypothesize that thi s occured because winter precipitation is a 
better indicator of snow conditions th an snowfall. Winter precipitation included precipitations 
that occurred during winter both as rain and snow, so they may better reflect conditions of 
snow penetrability th an snowfall alone. Snow penetrability is more likely th an snowfall to 
influence vulnerability of porcupines to predation because it directly influences mobility of 
animais, and therefore escape ability (Huggard 1993). Indeed, behaviour of porcupines 
during winter is affected to a greater extent by variations in snow penetrability th an in 
snowfall (G.Mabille, unpublished data) . For ex ample, animais become more diurnal wh en 
snow penetrability increases (chap. 4) while variations in snowfall have no effect on timing 
of activity. Similarly, hunting behaviour of fishers may also vary with snow penetrability. 
3.6. Conclusion 
We confirmed the hypothesis ofa link between winter prec ipitation and abundance in a 
porcupine population and identified variations in predation rates as a possible mechanism 
relating winter weather to abundance, through effects on winter survival rates. Even though 
our study was not experimental , us ing the "strategic cyclical sca ling" approach described by 
Root and Schneider (1995) allowed us to identify the link between weather conditions and 
survival , and therefore to go one step further than traditional studies of climate influences on 
population dynamics. Our study also adds to the existing body of evidence in support of an 
effect of c1imate on predator-prey processes and strongly emphasizes that understanding how 
species interactions vary according to weather conditions is crucial to properly model how 
communities will respond to climate change (Schmitz 2003, Wilmers & Getz 2005, Sala 
2006, Suttle et al. 2007). 
Chapitre 4 N avigating the thermal map : porcupines eat 
in the cold but rest in the warm 
Mabille G., Berteaux D., Thomas D. W., Fortin D. 
(à soumettre, Oec%gia) 
Les variations temporelles et spatiales des conditions météorologiques et du risque de 
prédation influencent le patron d'activité et l'utilisation de l 'habitat des anima ux . Le risque 
de prédation était relativement élevé pendant notre étude et apparemment lié aux conditions 
de neige pendant l'hiver (chap. 3). D ' autre part, les conditions thermiques constituent une 
contrainte potentielle pour les porcs-épics pendant l'hiver quand les températures sont plus 
basses que leur température critique inférieure. Les contraintes dues à l'environnement 
thermique et à la prédation étaient donc substantie lles pendant l'hiver, et nous avons examiné 
l'influence de ces contraintes sur le patron d ' activité et l'utilisation de l'habitat par les 
an imaux. Les résultats montrent que les porcs-épics modifient leur patron d'utilisation de la 
tanière en fonction des conditions de température. L ' enfoncement dans la neige, qui est 
possiblement lié au risque de prédation, influence éga lement le patron d ' utilisation de la 
tanière . Les animaux semblent utiliser leur tanière comme un refuge contre le froid et les 
prédateurs. Néanmoins, puisqu'ils doivent sOli ir pour s 'al imenter, les porcs-épics font face à 
un compromis entre recherche de nourriture et protection contre le froid et les prédateurs. On 
montre qu'ils y répondent en modifiant l'intensité de l'alimentation en fonction des 
conditions de température. Par contre, ils ne modifient pas leur utili sation des microhabitats à 
l'extérieur de la tanière en fonction de la température. Ceci suggère qu'ils choisissent les 
microhabitats extérieurs en fonction de la qualité de la nourriture qui s'y trouve plutôt qu ' en 
fonction des conditions thenniques. Le compoliement des animaux pendant l' hiver semble 
donc être influencé à la fois par des contraintes li ées aux conditions thenniques, au risque de 
prédation, et à l'acquisition de nourriture. Les différences individuelles dans l ' utilisation de 
l ' habitat sont li ées à des différences de survie. Les animaux faisant le plus de sorties par jour 
survivent moins bien. On interprète ces di fférences dans la survie comme des différences 
dans l'expos iti on à la prédation, principale cause de mOlialité des adultes pendant l' hi ver. 
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4.1. A bstract 
Because the climate is changing, there are now additional incentives to understand the 
strategies that organisms use to cope with thennal heterogeneity . The thermal environment 
experi enced by an animal is determined by conditions of air temperature, wind, and radi ation, 
and habitat can also mediate the thermal environment. We mapped microclimates by 
estimating energy expenditure in microhabitats available to North American porcupines 
(Erethizon dorsatum) in the cold Canadian winter. We th en examined acti vity patterns and 
microhabitat use of free-Iiving individuals to determine whether porcupines responded 
behaviourally to thennal constraints. The lower critica l temperature (Tic) of winter 
acclimati zed porcupines in southern Québec lies around -2°C and individuals are exposed, 
du ring winter, to operative temperatures (Tc) that are weil below Tic' According to our 
thennal map, porcupines reduced metabolic rate by about 25% when moving from a tree to 
their den in cold conditions (Tc<-1 9.9°C) . Porcupines modified their pattern of den use when 
Tc decreased : they reduced the time spent outside of the den, increased the number of acti vity 
bouts in a day, reduced the duration of activity bouts, and became more diurnal. Outside of 
the den , porcupines increased feeding intensity when Tc decreased, but did not change 
microhabitat use according to Tc. Rather, they used di fferent microhabitats fo r diffe rent 
acti vities: they exploited open microhabitats and top of trees for feeding, and covered 
microhabitats and bottom of trees for resting. We suggest porcupines fed in open and arboreal 
microhabitats because they offered the most benefici al food , even though energy expenditure 
was high in these microhabitats. Finally, acti vity patterns varied w ith snow conditions. 
Porcupines spent less time outside and became more diurnal when snow penetrability, and 
therefore poss ibly predation ri sk, increased. Behav iour of porcupines during winter appears 
to be constrained not only by thermal conditions, but also by constraints on food acquisiti on 
and predati on ri sk. 




ln a context of climate change, understanding the way that variability in the thennal 
environment influences animal ecology becomes crucial. Thermal conditions can shape 
patterns of activity and habitat selection which, in turn can have fitness consequences for 
animais (Sealander 1952, Bult & Lynch 1997, Dawson et al. 2005). How temperature 
influences activity has been mu ch studied for ectothermic reptiles and amphibians (e.g. 
Chri sti an et al. 1983, Grant & Dunham 1988, Niewiarowski 2001) but comparatively less is 
known about the way thennal conditions affect the activity of endothermic animais. 
Moreover, most studies on endotherms focused on small mammals living in hot environments 
(see Chappel! & Bartholomew 1981 , Bennett et al. 1984, vispo & Bakken 1993 , Sharpe & 
Van Horne 1999). However, severa! authors have stressed the impo11ance of collect ing data 
in cold environments to fully understand genera1 eco10gica1 processes (Campbell et al. 2005) 
and specifically the effects of tempe rature on activity (Sears et al. 2006). Humphries et a l. 
(2005) recently demonstrated that behavioural thermoregulation allows huge energy sav ings 
for red squirrels (Tamiasciurus hudsonicus) exposed to cold temperatures and emphasized the 
need for fU11her work on the impacts of cold temperatures on mammal behav iour and 
energetics. 
ln co Id environments, animais can use behavioural thel1noregu1ation to create a more 
favourable thel1nal environ ment. For example, they may exploit a ne st or den to reduce heat 
10ss (Prestrud 1991 , C lark et al. 1997, Zimmerling 2005), show activity patterns that vary 
with temperature (Chappell 1981 , K011ner & Geiser 2000, Humphries et al. 2005), choose 
specific fo rag ing microhabitats (Wiersma & Piersma 1994, Brotons et al. 2000), and use 
postures promoting heat conservation (Hayes et al. 1992, Fortin & Gauthier 2000, 
Scantlebury et al. 2006) . A significant number of studies have dealt with behavioural 
thermoregulation, but comprehensive studies examining several aspects of thermoregulatory 
behav iour in the co!d are rare (but see Guthery et al. 2005). Furthennore, the existing 
literature often describes the thermal conditions using a general measure of air temperature 
(Ta) made within or close to the study site. However, the thermal environment experienced by 
an an ima! in its natural habitat may differ greatly from the overall conditions measured with 
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Ta, first because of the effects of wind and solar radiation on heat load (Lustick et al. 1978, 
Bakken 1991), and second becallse microclimates can be highly heterogeneolls in space 
(Chappe Il et al. 1978, Sharpe & Van Horne 1999). An accurate thennal map of an animal's 
environment is therefore necessary to evalliate the ecological effectiveness of its 
thennoreglilatory behaviollr. Comprehensive and detailed stlldies are needed to lInderstand 
the complex interactions existing between thermal conditions and behaviour, especially in 
cold environments. 
The North American porcllpme (Erethizon dorsatum) is the only arboreal folivorous 
mammal of the boreal forest. Porcupines stay active year round and rely on low quality food 
(mainly bark and leaves of conifers) dllring winter. The lower critical temperatllre (Tic, 
temperature below which an organism increases basal metabolic rate) of winter acclimatized 
porcupines can vary between + 1 aoc and -12°C, depending on the size and origin of the study 
animal (Irving et al. 1955, DeMatteo & Harlow 1997, Fournier & Thomas 1999). ln southern 
Canada , Tic of porcupines lie around -2°C (Fournier & Thomas 1999) and individuals are 
exposed, during winter, to temperatures that are well below Tic. Porcllpines can den to avo id 
the coldest temperatures, but must exit the den daily to feed. Wind speed increases with 
height above ground (Rosenberg 1974, Byman et al. 1988) so feeding in trees sholild be 
energy demanding. However, the tree canopy is also highly heterogeneous in terms of 
microhabitats available to a mid-sized mammal. How porcupines use their den and select 
feeding microhabitats could greatly affect their thermoregulatory costs. We used one 
population of free-ranging porcupines in southern Canada to investigate how thennal 
conditions affected their habitat use and activity patterns during winter. 
Our objectives were 1) to establish a detailed map of microclimates available to 
porcupines, 2) to characterize activity patterns of porcupines according to the thermal 
environment, 3) to evaluate whether microhabitat use of porcupines was detennined by 
thermal constraints. What makes the cUITent report significant is that we modelled the 
thermal environ ment at a very fine scale and compared the resulting thennal map with 
detailed behavioural data from individually-marked, wild animais. 
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4.3. Material and methods 
Study area and study population 
We worked from 12 January to 16 April 2004 and 13 December 2004 to 19 March 2005 
in a ca. 2 km2 area of Parc National du Bic (48°20'N, 68°46 ' W, elevation 0-150m), Québec, 
Canada. The study area is fragmented by abandoned and cultivated fields , and characteri zed 
by a rugged topography, abundance of natural rock dens, and a mixed-boreal forest (see 
Berteaux et al. 2005, Morin et al. 2005 for details). We worked on a population of 
individually-marked porcupines monitored each summer since 2000. The population 
sometimes reached a high density (ca. 40 individuals/km2; D. Belieaux, unpubli shed data), 
and regularly fluctuated in abundance (Klvana et al. 2004). Porcupines were at medium to 
low densities (ca. 15 to 2 individuals/km2) during this study. 
Study design 
We proceeded in three steps. First, we measured air temperature inside dens, and air 
temperature (Ta), wind speed, and net radiation at an automated weather station located in the 
study area. We did not measure wind and solar radiation inside dens as they were negligible. 
Second, we characterized the "thennal quality" of microhabitats available to porcupines 
using heated taxidermic mounts . Use of heated mounts to estimate the metabolic heat 
production of free-living animaIs has been much debated (Walsberg & Wolf 1996, Larochelle 
1998, Fortin 200 1, Dzialowski 2005) but they remain a useful tool to compare thennal effects 
across a range of complex natural environments. We measured operative temperature (Tc) 0.3 
m above ground (i.e. at porcupine 's height) as a general measure of the thermal environ ment 
prevailing in the stand. Tc incorporates the effects of Ta, convection, conduction, and 
radiation into a s ingle variable (Winslow et al. 1937, Bakken & Gates 1975). We then placed 
mounts in different microhabitats and compared power consumption between microhabitats 
for a range of Tc measured in the stand. We considered one microhabitat to be of good 
" thennal qua lit y" (i.e. to offer a favourable microclimate) when the power consumed in that 
microhabitat was lower than in other microhabitats, for a given Tc measured in the stand . One 
thing we wanted to establish was whether ranking of microhabitats (from best to worst 
microhabitat) was the same at cold and warm Tc. 
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Third, we evaluated the behavioural response of porcupines to variations In Tc. We 
recorded time spent outside of the den , number of activity bouts, and a nocturnality index 
(equation 2 below) for each day (from 00 :00 am to 24:00 pm) and compared them to the 
mean Tc of the day (recalculated from continuous measures of Ta, wind speed and net 
radiation made at our weather station, equation 3 below). We also compared the duration of 
activity bouts to the mean Tc during the activity bout. Finally, we determined which 
microhabitats were used when porcupines were outside of their den, according to Tc 
measured in the stand at the time of observation. Because porcupines are sexually dimorphic, 
we tested for sexual differences in behaviour. 
Meteorological conditions 
Our automated weather station measured mr temperature In the shade (Ta) using a 
temperature sensor (8-bit Temperature Smart Sensor, Hobo, Onset) placed 1 m above ground, 
wind speed using a wind and direction sensor (Wind speed/Direction Smart Sensor, Hobo) 
placed 2 m above ground, and net radiation (0-100 !lm) using a net radiometer sensor (model 
NR-Lite Net Radiometer, Kipp & Zonen) placed 1.5 m above ground. Ail sensors were 
connected to a datalogger (four channels Micro-station, Hobo) that collected data every 
minute. 
We placed temperature loggers (SmartButton Temperature Loggers, ACR systems lnc.) 
inside nine dens that were regularly used by porcupines during our long-term study, but that 
were not occupied during the sampling period. Loggers were placed on the ground as far as 
possible from the entrance of the den (0.5 to 6.5 m deep, depending on den structure). 
Loggers recorded temperature every 15 minutes . 
Thermal mapping 
We worked during two winters to establish the thermal map : 29 January to 30 March 
2004 and 13 December 2004 to 8 February 2005. Following Bakken et al.(1983), we built 
two heated taxidennic mounts in the fonn of North American porcupines. To coyer the 
copper core we used pelts from animaIs that died naturally in our study area during winter 
2003. We built the mounts in a standing posture with the head facing down . We lined the 
inside surface of the hollow copper mould with 24 gauge Teflon-coated iron wire that was 
connected to an external control circuit and to a Campbell CR-21X data logger (Campbell 
Scientific). Electrical power was provided by four 6 V deep discharge batteries in series. 
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Body temperature (Tb) of the mounts was regulated at 37.5 ± 0.3°C, which is the core 
body temperature of winter acclimatized free -ranging porcupines (D.W. Thomas, 
unpubli shed data) . We moni tored temperature inside the copper mounts usmg a copper-
constantan thermocouple placed in the centre of the mount. We w rote a program for the 
Campbell CR-2 1 X to regulate Tb' Power was applied automatically as 24V pulse to maintain 
body temperature. The datalogger measured voltage (Vm) every fi ve seconds, ca lcul ated the 
power consumption (see below), and stored the me an power over fi ve minute interva ls. We 
ca lculated the power drawn by each mount (Pm) from Vm and the res istance of the heater w ire 
circuit (R) fo llowing equation 1: 
2 
P _ v'n m- R (1) 
with Pm expressed in Watts, Vm in Volts and R in Ohms. 
We recorded meteoro logical conditions in the stand while mounts were funct ioning by 
measuring Tc w ith a copper-constantan thelmocouple placed ins ide an anodized aluminium 
sphere, Ta w ith a copper-constantan thenTIocouple placed in the shade, and wind speed with a 
portable hot-wire anemometer (Seri es 440 Portable Air Velocity Meters, Kurz Instruments). 
Measurements were made 0 .3 m above ground, averaged over fi ve minute interva ls, and 
stored in the data logger. We obtained measures of net radiation from our automated weather 
station. We used synchronous measurements of Tc, Ta, w ind speed and net radi ation to 
establish an equation relating Tc to the other meteorological param eters (see below) . 
We placed mounts in six microhabitats : "den", "ground open", "ground covered," 
"conifer open" , "conifer covered' , and "deciduous"(see Appendix J fo r a deta iled description 
of the mi crohabitats) . We placed each mount fo r about 24 hours in one geographica l site 
corresponding to one of the six microhabitats, and subsequently moved it to a new s ite. Since 
eas ily access ible s ites were scarce in the study area, we used some sites on several occas ions 
but took this into account in our analyses (see data analyses). 
Activity patterns 
We captured 26 adul t porcupines (10 males, 16 females) in summer and fall 2003 and 
2004 . Individuals were immobilized fo llowing Morin & Bel1eaux (2003) and equi pped with 
radio tra nsmitters (Lotek SMRC-5RB VHF transmitter, Lotek W ireless Inc.) (see chap. 2 fo r 
details) . ln January 2004 and 2005, we recaptured radiocollared porcupines to measure their 
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pattern of den use over one or two winter seasons (n = 14 individua1s followed from 23 
January to 14 April 2004; n = 6 individuals followed from 05 January to 19 March 2005; 
among which three individuals were followed both years) . For that, we attached temperature 
loggers (SmartButton Temperature Loggers, ACR systems Inc.) to their radio collar (total 
weight of collar with temperature recorders = 74 g). We used abrupt changes in temperature 
readings to estimate the timing of movements in and out of the dens. To complement data 
from temperature loggers, we placed movement detectors (Vigil 650X, Circuitronique Estrie 
Inc.) at the entrances of ail dens used. Combining information from temperature loggers and 
movement detectors allowed us to determine wh en animais were inside or outside of a den 
and therefore to ca\culate the time spent outside of the den, the number and duration of 
activity bouts, and the nocturnality index. The nocturnality index ln (after Zalewski 2000) 
reflects the relative distribution of activity between day and night, and is calculated as: 
2Nal 
1 = I N 
Il (Nal +(Dal 
I N) I D) 
(2) 
where Na and Da are total duration of porcupine activity during night and day , respectively, 
and N and D are night and day lengths. Night started 30 min after sun set and ended 30 min 
before sunrise. In varies from 0 (diurnal activity) to 2 (nocturnal activity) . 
Microhabitats used outside of the den 
We measured habitat use by porcupines from 12 January to 16 April 2004 and Il January 
to 12 March 2005. Twice a week, we precisely located the 26 radiocollared porcupines. For 
that, we followed the telemetry signal to the animal (homing) instead of using triangulation. 
Each time we located an individual, we assigned its position to one of the six microhabitats 
(i.e. "den", "ground open", "ground covered" , "conifer open", "conifer covered" , or 
"deciduous"). If the animal was in a tree, we recorded its position according to one of tluee 
classes of height (Iower third, middle, higher third of the canopy) and to one of two classes of 
distance to the trunk (base, tip of the branch). We also noted whether the porcupine was 
feeding or resting. We characterized thermal conditions in the stand by measuring Tc using a 
hand held thermocouple (HH Il with type K thermocouple input, Omega Engineering Inc., 




We measured power consumption 46 times in 38 sites (4 "den", 6 "ground open", 12 
"ground covered" , 3 "deciduous", 5 "conifer open", 8 "conifer covered") , and col!ected 1012 
hours of data with both mounts . We averaged power consumed by the mounts over one-hour 
periods to match measures of Tc that were averaged over the same period. To insure that the 
mean power consumed referred to relatively stable meteorological conditions, we excluded 
one-ho ur periods during which Tc variation was > 3°C. This 3°C threshold allowed us to 
remove most directional changes in Tc. Following this sampling strategy, we calculated me an 
power consumption during 886 one-hour periods (mount 1: 494 h, mount 2: 392 h) . We 
tested during calibration periods whether mounts had similar power consumption when 
exposed to similar thermal conditions. We placed the two mounts 2 m apart (similar position) 
in a "ground open" microhabitat and continuously recorded power consumed by the mounts . 
We ran four calibration trials and calculated power consumption during 46 one-hour periods 
covering a wide range of Tc (from -I8.2°C to +4.2°C). We tested for differences between the 
two mounts using a paired t-test. 
Our sampling design included repeated measurements of power consumption made on 
the same site on different occasions and for a given site and occasion, repeated measurements 
made at different hours. Therefore, we used general linear mixed models with normal 
di stributions (proc MIXED, SAS software version 9.1, SAS 2002), including occasion of 
measurement as a random effect for a given site (because we used some sites on several 
occasions) , and hour of measurement as a repeated effect for a given site and occasion 
(bec au se measurements closer in time are more correlated th an measurements further apart). 
We fitted Tc, microhabitat as fixed effects to test whether the power consumed by mounts 
was different between microhabitats (our variable of interest) when adjusting for Tc. We also 
fitted Tcx microhabitat as a fixed effect to test whether the relationship between power 
consumed and microhabitat differed according to Tc (e.g. to test whether the microhabitat 
offering the best microclimate was the same at cold and wann Tc). When testing the effect of 
microhab itat (as a main effect or in interaction with Tc), we first considered ail microhabitats 
sampled (i.e. microhabitat had six modalities, Table 4 .1, model 1) and then considered groups 
of microhabitats that we expected to offer similar thermal conditions (i.e . microhabitat had 
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two modali ties , Table 4 .1, models 2 to 4) . We first compared "den" to other microhabitats 
merged into a single category (Table 4.1, model 2). Among the non-den microhabitats, we 
then compared arborea l ("deciduous", "conifer open", "conifer covered") to terrestri al 
("ground open", "ground covered") microhabitats (Table 4 .1 , model 3); and fi nally open 
("ground open", "deciduous", "conifer open") to covered ("ground covered" , "conifer 
covered") microhabitats (Table 4.1 , model 4). 
Ca lculating T~ from other meteorologica1 variables 
Because we did not measure Tc continuously during the study period, we used 
synchronous measurements of Tc, Ta, wind speed and net radiation to relate Tc to other 
meteorological vari ables. We considered only measures made during daytime (i.e . 30 min 
before sunri se to 30 min after sunset) because Tc measured with a black bowl integrates the 
effects of wi nd only when solar radiation occurs. We averaged measurements over one-ho ur 
periods and considered only periods when Tc varied by ~ 3°C. We obtained 160 one-hour 
peri ods from 37 occasions of measurements. We used general linear mixed models with 
normal distributions (proc MIXED) and included hour of measurement as a repeated effect in 
our analyses. We fitted air temperature, the square root ofwind speed (Kreith & Black 1980), 
net radi ation and the ir fi rst order interactions as fixed effects to test how these vari ables 
influenced Tc. 
Activity patterns 
We wanted to test for an effect of Tc on acti vity patterns. Our data set incl uded repeated 
measurements made on the same indiv idual at different dates so we fiUed general linear 
mixed models with porcupine identity as a repeated factor. We used mi xed models with 
normal di stributions (SAS software, proc MIXED, SAS 2002) to analyse the effects of Tc on 
time spent outside of the den, duration of activity bouts, and nocturnality index (i.e. 
continuo us vari ables) and mi xed models with binomial di stributions (proc G LlMM 1X) to 
analyse the effects of Tc on the number of activity bouts per day. Thi s last variable had two 
categori es (l activity bout; > 1 acti vity bout, range: 2 to 4) in order to test if changes in Tc 
influenced porcupines to shi ft fro m unimodal to plurimodal patterns of acti vi ty. Because 
sampling periods were di fferent between 2004 and 2005, we tested the effect of year (fixed 
factor) before fi tting other vari ables. We removed the effects of confo unding va ri ables on 
acti vity pattern by including as fixed facto rs Julian date, snow penetrability (dail y measure in 
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cm, made in the study area using a specially adapted Verme sinking-depth gauge, which was 
calibrated at the start of the study using fresh porcupine tracks) and their first-order 
interactions with sex. We chose Julian date because it can influence activity (Santee & 
Bakken 1987, Vispo & Bakken 1993) and was not independent from Tc (Pearson correlation: 
r = 0.65, p<O.OOI). We chose snow penetrability because predation rates appear to be linked 
to snow condition in our system (chap. 3) so we hypothesized snow penetrability could 
influence activity patterns. We finally included Tc, Te
2
, and their first order interaction with 
sex to test for thermal effects on activity and possible differences between sexes in the 
response to Tc. 
Microhabitats used outside of the den 
When outside of their den, porcupines were observed quasi-exclusively in coniferous 
trees (257 times over 268). We thus restricted our analyses of microhabitat use to 
microhabitats in coniferous trees . We tested whether microhabitat use, height in the tree, 
distance to the trunk, and feeding behaviour were influenced by Tc and sex. Microhabitat 
choice was either "conifer open" or "conifer covered". Because porcupines were never seen 
in the lower part of the canopy, height in the tree had two modalities: middle or upper 
canopy. Distance to the trunk was either base or tip of the branch, and behaviour was either 
feeding or resting. We therefore used mixed models with binomial distributions (proc 
GLIMMIX) with microhabitat choice, height in the tree, distance to the trunk, and behaviour 
as dependent variables. We included porcupine identity as a repeated factor, and tested Tc, 
Te
2
, sex, and the interactions with sex as fixed factors . Since sampling periods were different 
between 2004 and 2005 , we also tested year as a fixed effect in ail models. 
Because Tc only had an effect on behaviour (see Results), we further investigated the 
factors explaining feeding behaviour (dependant variable). For that, we fitted mixed models 
with binomial distributions (proc GLIMMIX) with porcupine identity as a repeated factor and 
year, Tc, Te
2
, microhabitat choice, height in the tree, distance to the trunk, sex, and ail the 
interactions with sex as fixed factors. 
Time spent feeding 
We used data on time spent outside of the den and occurrence of feeding when outside, to 
estimate the time spent feeding in a day according to the mean Tc of the day. We calculated 
the mean time spent outside for each individual and multiplied it by the mean occurrence of 
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feeding behaviour for the population (obtained from Fig. 4.3). Means were computed over six 
classes of Te «-19.9°e, -19 .9 to -15°C, -14.9 to -10°C, -9.9 to -5°C, -4.9 to ooe and >O°C). 
We therefore obtained a time spent feeding for each individual and for each class of Tc. We 
tested whether time spent feeding differed between sexes and between classes of Tc using 
ANOY As. We perfonned multiple comparisons between classes of Tc using post hoc tests . 
4.4. Results 
Meteorological conditions 
The mean Ta (± SE) measured outside dens between 15 December and 15 April was -7 .1 ± 
0.7°e in 2004 and -7.3 ± 0.6°e in 2005. The mean wind speed (± SE) was 2.35 ± 0.09 mis 
and 2.42 ± 0.09 mis respectively in 2004 and 2005. We did not ca\culate the mean net 
radiation between 15 December and 15 April because of sampling interruptions both in 2004 
and 2005. The mean Ta (± SE) inside the nine dens sampled was --4.6 ± 0.3°e in 2005 (not 
measured in 2004). Ai r temperature remained higher inside th an outside dens as long as the 
outside Ta was below -2.4 oC (F ig. 4.\) , a condition encountered during most of the winter. 
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Figure 4.1 : Mean daily air temperature (oC) measured outside (black so lid 1 ine) and inside 
(grey solid line) nine porcupine dens , Parc National du Bic, Québec, 15 December 2004-14 
April 2005. Black dashed line indicates the mean outside temperature (-2.4°C) above which 
temperature inside the den became lower than outside temperature. 
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Thermalmapping 
We fou nd no difference in the power necessary to maintain the inner temperature of the 
two taxidennic mounts exposed to s imi lar thennal environments (Appendix 2, paired t-test, t 
= -0.80, df = 45 , P = 0.426) so data from both mounts were pooled in ana lyses. Operative 
temperature had a general negative effect on the power consumed by mounts (Appendix 3, 
Table 4 .1). ln the full model including the six initial microhabitats, we found that Tc 
interacted with the microhabitat to influence the power consumed by the mounts (Table 4 .1 
model 1). This means that ranking of microhabitats (from microhab itat of best "thennal 
quality" to microhabitat ofworst " thermal quality") was not the same at co ld and warm Tc. 
Table 4. 1 : Linear mixed effect models for the power consumed by porcupine mounts 
exposed to available conditions of operative tel11perature (Tc), Parc National du Bic, Québec, 
December to March 2004-2005 . We first tested fo r an effect of Tc, microhabitat, and 
Tcx microhabitat. We removed non-significant (NS) interactions between Tcx microhabitat 
from final model s. When testing the effect of microhabitat, we first cons idered a Il 
l11icrohabitats sampled (i .e. "den", "ground open", "ground co vered" , "deciduous", "conifer 
open", "conifer coverecf': model 1). Then we grouped certain microhabitats and compared 
effects of groups of microhabitats ("den" vs non-den microhabitats: model 2; arboreal vs 
terrestrial: model 3; open vs covered: modeI 4). The type and number (n) ofmeasures 
considered for analys is are specified 
Model Categories of Measures Tc Microhabitat Tcx microhabitat 
microhabitat considered 
6 : initial Ali F {I,808) = 48.75 F (5,808) = 1.75 F (5 ,808) = 4.29 
categories n = 883 p<O.OOI P = 0 .120 p<O.OOI 
2 
2 : "den" vs Ali F {I,8 13) = 73.36 F {I,8 13) = 3.90 
NS 
non-den n = 883 p<O.OOI p = 0 .049 
3 
2 : arboreal vs Non-den F {I ,725) = 77 .07 F {I ,725) = 0. 11 F (I ,725) = 12.71 
terres trial n = 791 p<O.OOI P = 0.742 p<O.OOI 
4 
2: open vs Non-den F {I,725) = 62 .75 F {I,725) = 8. 18 F ( I,725) = 10.93 
covered n = 79 1 p<O.OOI P = 0.004 P = 0.001 
When comparing "den" to the non-den microhabitats, power consumption was genera lly 
lower inside than outs ide dens (Table 4.1 model 2, Table 4 .2), and thi s did not change with 
Tc. This means that the den was the l11icrohabitat offering the best microclimate for the range 
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of Tc we considered. However, we did not measure power consumption inside dens when 
Tc>O°C (Table 4.2) . When comparing arboreal to terrestrial microhabitats, power consumed 
by mOllnts was generally 10wer in terrestrial than in arboreal microhabitats (Fig. 4 .2a) 
although the difference was non significant (Table 4.l model 3). Also, Tc interacted with the 
microhabitat to influence the power consllmed by the mOllnts, with the result that the power 
consumption increased more slowly in terrestrial than in arboreal microhabitats (Table 4.1 
model 3) when Tc decreased . Finally, when comparing open and covered microhabitats, the 
power consllmed by mOllnts was generally 10wer in covered than in open microhabitats 
(Table 4.1 model 4, Fig. 4.2b). However, Tc interacted with the microhabitat to influence the 
power consumed by the mounts so that the power consumption increased more slowly in 
open than in covered microhabitats (Table 4.1 model 4) when Tc decreased . At cold 
temperatures (Tc<-19 .9°C), the power consumed in arboreal or open microhabitats was about 
25% higher than the power consumed inside dens (Fig. 4 .2). 
Table 4.2 : Power consumed (in Watts, mean ± SE) by porcupine mounts exposed to 
available conditions of operative temperature and placed in "den" and non-den microhabitats, 
Parc National du Bic, Québec, December to March, 2004-2005. Means were calculated by 
first averaging the measurements obtained for a given microhabitat and day, and then 
between days for each group of microhabitats . Samples sizes are specified as (number of 
days, number of measurements). Power consumed in non-den microhabitats is also given as a 
percentage of power consumed in "den" 
Tc (oC) Den (W) Non-den (W) Non-den (% den) 
<-19.9 42 .1 ± 0.0 (1 , 1) 49 .1 ± 2.7 (5, 20) 116.6 
-19 .9 to-15 .0 42.0 ± 0.0 (l , 3) 49.6 ± IA(18, 76) 118.1 
-14.9 to - 10.0 38.1 ± 2.1 (3 , 38) 46.2 ± 0.7 (39, 219) 121.3 
-9.9 to - 5.0 35.7 ± lA (3 , 28) 42.7 ± 1.0 (30, 261) 119.6 
-4.9 to 0.0 37.1 ± 1.1 (3,22) 37.9 ± 0.8 (27, 152) 102.2 
>0.0 37* 37.5 ± 1.9 (9 , 63) 101 A 
* As we had no measure of power consumed in den for Te>O°C, we used this value as an 
approximation for calculating power consumed in non-den microhabitats as a percentage 
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Figure 4.2 : Power consumed by porcupine mounts exposed to available conditions of 
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operative tel11perature and placed in non-den l11icrohabitats, Parc National du Bic, Québec, 
December to March, 2004-2005 . Means for non-den microhabitats are shown as a percentage 
of power consumed in "den" (from Table 4.2) . Sal11ple sizes are specified above the bars as : 
number of days for which data was obtained, total nUl11ber of measurements on those days. 
a) In arboreal ("conifer open", "conifer covered" and "deciduous" pooled, white bars) and 
terrestrial microhabitats ("ground open" and "ground covered" pooled, black bars) . 
b) ln open ("conifer open", "deciduous" and "ground open" pooled, white bars) and covered 
l11 icrohabitats ("ground covered" and "coniferous covered" pooled, black bars). 
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Calculating TefrOIn Ta, wind speed and net radiation 
The fina l model explaining variations in Tc included effects of Ta (F(1,120) = 700.4, 
p<O.OOl), wind speed (as a square root, F(1 ,120) = 18.5, p<O.OOl ), and net radiation (F(I ,120) = 
14.5, p<O.OOl). The equation used to recalculate Tc was: 
Te= -3,637 + 1.050* Ta + 1.576* .JWind + 0.007 * NetRadiatbn (3) 
with Tc and Ta in oC, wind speed in mis, and net radiation in Watts. We calculated the percent 
of variance in Tc explained by thi s equation (Pseudo R2) as: 
(4) 
with Yi the observed va lue for observation i, Yi the predicted value for observation i, and Y 
the mean of ail observed values. 
Activity patterns 
Time spent outs ide of the den 
Mean time spent outside of the den was 6.7 ± 0.5 h (range: 3.3 to 10.2 h, n = 14 
individuals and 690 observations). The final model explaining time spent outside included a 
quadratic effect of Tc, effects of several non thermal variables (year, sex, Julian date, and 
snow penetrability) and two first-order interactions with sex (Tcx sex and snow 
penetrability xsex). Time spent outside increased with Tc (F(1 ,669) = 29.15 , p<O.OOl), increased 
more with Tc at higher Tc (F( I,669) = 12.23, p<O.OOI) and increased more with Tc for male than 
for female porcupines (F(1 ,669) = 29.22, p<O.OOl , Fig. 4.3). 
Overall , females spent 25% less time outside dens than males (F(I ,12) = 17.49, P = 0.001 , 
Fig. 4 .3). Time spent by porcupines outside dens increased with Julian date (F(1 ,669) = 29.16, 
p<O.OO 1), but decreased with snow penetrability (F( I.669) = 32.89, p<O.OO 1). The interaction 
between snow penetrability and sex arose because females were 1ess sensit ive to changes in 
snow penetrability: an increase in snow penetrability had a more negative effect on time 
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Figure 4.3 : Time spent outside of a den (mean ± SE) in a day for male (open circles) and female (fi lied circles) North American 
porcupines and OCCU1Tence offeeding behaviour (mean ± SE) when in a coniferous tree (fi lled squares: males and females pooled since 
difference between sexes was not significant) as a function of operative temperature, Parc National du Bic, Québec, January to April , 
2004-2005. Sample sizes are specified near each symbol as: number of individuals, number of observations on those individuals. 
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Number and duration of activity bouts 
Mean number of activity bouts was lAO ± 0.07 (range: 1.07 to 1.91 , n = 14 individuals 
and 679 observations) and the me an duration of activity bouts was 5.0 ± OA h (range: 2.8 to 
7.3 h, n = 14 individuals and 966 observations). Number ofactivity bouts increased wh en Tc 
decreased (F(I,664) = 20.59, p<O.OOI , Table 4 .3) but was not affected by other vari ab les. 
The duration ofactivity bouts was dependent on year, Julian date, snow penetrability, Tc, 
and Tcxsex. The duration of activity bouts increased with increasing Tc (F(J ,946) = 55.91 , 
p<O.OO 1) and increased more with Te for male than for female porcupines (F(J,946) = 17.95, 
p<O.OOI, Table 4 .3). Activity bouts also lengthened with Julian date (F(J,946) = 12.89, 
p<O.OOl), but shortened when snow penetrability (F(J ,946) = 20.54, p<O.OOl) increased . 
Nocturna lity 
The mean index ofnocturnality was 0.93 ± 0 .14 (range: 0 . 15 to 1.94, n = 14 indi vidual s 
and 676 observations). This corresponds to 47% of porcupines ' active time that was during 
the night. The nocturnality index was dependent on Tc, Julian date, and snow penetrability . 
Porcupines were increasingly diurnal when Te decreased (F(1 ,659) = 33. 18, p<O.OOI , Table 4.3) 
and when Julian date (F(I,659) = 70.72, p<O.OOI) and snow penetrability (F(J ,659) = 16.94, 
p<O.OO 1) increased. 
Table 4.3 : Number of activity bouts in a day (mean ± SE), duration of activity bouts (in 
hour, mean ± SE), and relative distribution of activ ity between day and night (nocturnality 
index : between 0: totally diurnal and 2: totally nocturnal , mean ± SE) as a function of 
operative temperature for North American porcupines , Parc National du Bic, Québec, 
January to April, 2004-2005 . Samples sizes are specified as (number of indi vidua ls, number 
of observations) 
Tc (oC) Number of activity Duration of Duration of Nocturnality index 
bouts activity bouts activity bouts 
~males , h) ~females, h~ 
<-1 9.9 1.61±0. 11 (14,80) 3A±0.5 (7, 78) 2.6±0.3 (7, 69) 0.94±0 .1 3 ( 14,76) 
-19.9 to -1 5 IA3±0.09 (14, 94) 4A±0.6 (7, 85) 3.5±0.3 (7 , 64) 0.92±0.15 (14,92) 
-1 4.9 to -10 l.38±0.08 (14, 221) 5.0±0.5 (7 , 146) 4 .0±0.3 (7 , 126) 0 .88±0 .16 (14, 223) 
-9.9to-5 l.37±0.08 (14, 184) 7.0±0.9(7, 132) 4.3±0.3 (7 , lOI) 1.01 ±0.16 ( 14, 182) 
-4.9 to 0 1.27±0.09 (Il , 72) 6.8±1.0 (7, 44) 5.6±0.5 (7, 77) 0.92±0 .1 7 (II , 70) 
>0 1.29±0. 13 (7 , 28) 10.1±1.8 (6, 23) 6.9±1.8 (5 , 21) 1.06±0 .1 8 (8 , 33) 
Ali 1 AO±0.07 ~ 14, 679) 5.7±0,6 ~7, 508) 4.2±0.2 ~7 , 458) 0.93±0.14 ~14, 676) 
Microhabitats used outside of the den 
Effects of T ~ 
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Within coniferous trees, Tc had no effect on the microhabitat used by porcupines (F(I,230) 
= 0.05 , P = 0.818), on their height in tree (F(I,230) = 0.10, P = 0.749), or on their distance to the 
trunk (F( I,230) = 2.93 , P = 0.088). However, Tc had an effect on the foraging behaviour of 
porcupines (F(I ,230) = 10.66, P = 0.001) , with occurrence of feeding increasing at low 
temperatures (Fig. 4.3) . 
Factors explaining feeding behaviour 
Mean occurrence of feeding in coniferous trees was 39.3 ± 5.0% (range: 0.0 to 80.0%, 
n=26 individuals and 257 observations). Occurrence of feeding was best explained by a 
model including Te, microhabitat used, and height of the porcupine in the tree . As described 
above , occurrence of feeding increased wh en Tc decreased (F(I ,228) = 11.37, p<O.OOI , Fig. 
4 .3) . The occurrence of feeding also increased wh en porcupines were in a "conifer open" 
compared to a "conifer covered" microhabitat (F(I ,13) = 5.13, P = 0.041) and when they were 
in the higher part compared to the middle part of the tree (F( I ,2 1) = 4.62, P = 0.043). 
Occurrence of feeding was 38% higher when the y were in open th an in covered microhabitats 
(open : 51.0 ± 9.9%, n = 14 individuals and 50 observations; covered : 37.0 ± 4.7%, n = 26 
individuals and 207 observations) and 39% higher when they were in upper than in middle 
canopy (upper: 48 .1 ± 5.9%, n = 25 individuals and 138 observations; middle : 34.6 ± 6.3%, n 
= 23 individuals and 119 observations) . 
Time spent feeding 
Males spent more time feeding than female porcupines (F{I,73) = 12.135, P = 0.00 l , Fig. 
4.4), both of which spent more time feeding at Tc<-20°C than when Tc was between 0 and -
14.9°C (Fig. 4.4, p<O.OOl , p<O.OOI and p = 0.003 for time spent feeding at Te<-20°C 
compared to time spent feeding at -14.9:'STc<-10°C, -9 .9:'STc<-5°C, -4 .9:'STc<0°C, 
respectively, post hoc tests using LS means). 
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Figure 4.4 : Estimated time spent feed ing (mean ± SE) in a day for male (white bars) and 
fema le (dark bars) NOlih American porcupines, Parc National du Bic, Québec, January to 
Apri l, 2004-2005. Time spent feeding was estimated for each individual and class of 
operative temperature (Tc) and then averaged for males and females for each c\ass of Tc. 
4.5. Discussion 
Estimated energy expenditure differed across microhabitats for a given Tc and the 
re lationship between energy expenditure and microhabitat varied with Tc. ln other words, 
ranking of microhabitats from microhabitat offering the best, to microhabitat offering the 
worst thermal environment was not the same at co Id and warm Tc. Dens offered the best 
protection against cold temperatures. Porcupines altered their patterns of den use and 
foraging behaviour according to Te. When Tc decreased, they reduced the time spent outside 
of the den , increased the number of activity bouts per day, reduced the duration of activity 
bouts, became more diurnal , and increased feeding intensity. Activity patterns also varied 
with snow conditions. Olltside of the den , porcupines did not modify their microhabitat lise 
according to Te. Rather, they llsed microhabitats according to their activities: they exploited 
open microhabitats and top of trees for feeding and covered microhabitats and bottom of trees 
for resting. Porcupines also showed sex differences in their patterns of habitat use. 
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Thermal mapping 
When studying the physiological consequences of habitat selection, the first step is to 
establish a map of the microclimates available in a habitat (Huey 1991). Our thermal 
mapping showed that for a given Tc measured in the stand, different microhabitats resulted in 
di fferent microclimates. Furthermore, the quality of one microhabitat relative to the others 
was not the same at cold and warm Tc, so that the thennal map was variable both in space and 
time. ln such an heterogeneous environment, porcupines should constantly adjust behaviour 
to minimize energy expenditure. The main contrast we observed was between den and non-
den microhabitats. The difference was mainly due to the higher and less variable Ta observed 
inside than outside dens for most of the winter. According to our measures of power 
consumption, porcupines should reduce metabolic rate by about 25% when moving from a 
tree to their den at Te=-20°C. Den use is known as an energy-saving strategy for species 
exposed to cold conditions (Prestrud 1991, Clark et al. 1997, Zimmerling 2005) but we are 
not aware of previous studies estimating energy saved wh en using a den in field conditions 
(but see Scantlebury et al. 2006). Reducing energy expenditure by using a den in cold 
conditions celtainly helps porcupines to maintain their energy balance du ring the winter and 
this may be why pattern of den use is at the centre of their behavioural thermoregulation 
strategy (see below). Outside of the den, energy expenditure was overall higher in open 
compared to covered microhabitats and in arboreal compared to terrestrial microhabitats. 
Porcupines should therefore use terrestrial and covered microhabitats when feeding outside of 
their den if they were to minimize thermoregulatory costs . 
Activity patterns 
Thermal conditions influenced activity patterns of porcupines. The time spent outside of 
the den decreased as the operative temperature got colder, and porcupines tended to exit their 
den for several short rather than one long time period when the cold stress increased. Several 
species have been shown to use plurimodal activity patterns to avoid temperature extremes 
(Turk & Arnold 1988, Sharpe & Van Horne 1999, Jedrzejewski et al. 2000), with subsequent 
decreases in activity time. Thennal constraints appear to limit the time available for above 
ground activity and porcupines compensated this reduction in time spent outside by 
increasing feeding rate when Tc decreased. Another constraint that leads animais to reduce 
the time spent in activity is predator avoidance (Lima & Dili 1990, Kie 1999, Ripple & 
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Beschta 2004). Predation rates were high on porcupines du ring the two years of study and 
predation on adults was linked to the presence of snow covering the ground (chap. 3). We 
observed porcupines reducing the time spent outside of the den and the duration of activity 
bouts when snow penetrability increased. We suggest porcupines lowered exposure to 
predators by reducing the time spent outside of the den when snow penetrability, and 
therefore predation risk, was high. 
Besides reducing the time spent outside of the den, porcupines also became more diurnal 
with decreasing Tc. North American porcupines and rodents from the Hystricidae family are 
known to be essentially nocturnal (Roze 1989, Roll et al. 2006) . However, only 47% of 
porcupines' active time was during the night and porcupines were more diurnal at cold 
temperatures. Rodents living in cold environments are more 1ikely to be diurnal , possibly 
because they exploit the walmer hours of the diel cycle (Roll et al. 2006). Still , diel activity 
patterns are phylogenetically constrained (Roll et al. 2006) . Hence, being cathemeral (i .e. 
being active during both day and night, Tattersall 1987, Tattersall 2006) may represent the 
best compromise nocturnal animais like porcupines can make to avoid exposure to cold night 
temperatures. Porcupines also became more diurnal when snow penetrability increased and 
one hypothesis is that being active during the daytime reduced the likelihood of encountering 
predators (Bakker et al. 2005). 
As we could expect from our thermal map, using a den was at the basis of porcupines ' 
behavioural thermoregulatory strategy . Porcupines modified the time spent outside of the den 
and the timing of activity according to Tc, and this may allow huge energy savings (thi s 
study, Humphries et al. 2005). 
Microhabitats used outside of the den 
Outside their dens, porcupines mainly used coniferous trees. Operative temperature did 
not influence microhabitat use once porcupines were inside coniferous trees. Rather, the 
microhabitat choice varied with the behaviour of the animal: porcupines preferentially 
exploited open microhabitats and tops of trees for feeding and covered microhabitats and 
bottoms of trees for resting. According to our thennal map, energy expenditure was generally 
higher in open and arboreal than in other microhabitats . Feeding sites therefore did not appear 
to be chosen based on the protection they offered against the thennal environment. We 
generate the testable hypothesis that porcupines fed on tops of trees because they offered the 
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most beneficial food. Leaf chemistry varies with light exposure in the tree canopy (Hirose et 
a l. 1989, Close et al. 2005) and open habitats and tops of trees receive more light than other 
habitats . By feeding there , porcupines may access needles with higher nitrogen or energy 
content, and therefore make the best of a bad job to acquire profitable food ev en if this 
implies trading off nutrition against thermoregulation (Torres-Contreras & Bozinovic 1997). 
Alternatively, but not exclusively, porcupines may forage on tops of trees because it lowers 
probabili ty of detection by predators. 
Time spenl f eeding 
Feeding time generally increased with decreasing Tc, probably because energy 
requirements increased with thennal stress (Systad & Bustnes 2001). A non exclusive 
hypothesis would be that porcupines ' foraging abilities were lower at extreme temperatures 
(Bozinovic & Vasquez 1999) which increased the time spent sem'ching or handling food. As 
discussed above, porcupines increased feeding time at low Tc by intensifying feeding rate 
rather than by spending more time outside. We therefore believe that cold temperatures did 
not limit foraging abilities of porcupines, contrary to what Bozinovic and Vasquez (1999) 
showed for degus (Oelodon degus) exposed to hot temperatures. 
Sex differenees 
At cold temperatures (Tc<-19.9°C) there was no difference between sexes in the mean 
time spent outside of the den. Both males and females spent about five hours outside and fed 
for most of their time. When Tc increased, males increased their time spent outside faster th an 
females . ln fact, females hardly increased time spent outside before Tc>-5°C (i .e. Tc :::::; 
estimated T ic for porcupines in southern Québec) . Why males started to increase time spent 
outside before females was unclear. Males, having a higher body size, may be better 
protected than females against cold temperatures (Scholander et al. 1950a, McNab 1970) and 
may therefore have lower Tic than females. At Tc>-5°C, females stmted increasing time spent 
outside but males still spent 49 to 84% more time outside compared to females. This 
difference in time spent outside may create sex differences in predation risk. lndeed, if being 
outside increases probabil ity of being detected and/or killed by a predator (Lima & Dili 1990, 
Blumstein 1998), then males were exposed to higher predation risk than females. We found 
that an increase in snow penetrability had a more negative effect on the time spent outside by 
males than by females. As said before, predation risk appears to be linked to snow conditions 
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in our population (chap. 3). Males may then lower exposure to predation by reducing the time 
spent outside of the den wh en snow penetrability, and hence predation risk, is high. 
Male and female porcupines showed differences in their patterns of activity and this 
may reflect the different constraints that they are faced with . Females being of smaller size 
appear to minimize the time spent outside because of thennal constra ints while males seem 
more constrained by predation risk. Our study therefore illustrates that behaviour of 
generalist herbivores du ring winter may be constrained not only by thennal conditions, but 
also by constraints on food acqu isition and predation risk. We also demonstrate that 
microclimates vary greatly from one microhabitat to another and that porcupines appear to 
use microhabitats to both reduce energy expendi ture while resting and maximize energy 
intake while feeding. 
4.6. Complément d'information 
L'un des objectifs de ce doctorat était d ' examiner si le patron d ' activité des animaux et 
leur utilisation de 1 'habitat avaient un impact sur leur survie. Pour cela, nous avons calculé les 
valeurs moyennes d'utilisation de l'habitat pour chaque indi vidu et avons utili sé ces va leurs 
individuelles pour tenter d'expliquer la survie des animaux au cours de 1 'hiver. 
Indicateurs individuels d'utilisation de l'habitat 
D ' abord , nous avons calculé pour chaque individu le temps moyen passé dehors en 24 h, 
la durée moyenne des sOlties, le nombre moyen de sOlties en 24 h, l'indice de nocturnalité 
moyen (Tableau 4.4) au mois de février 2004 (n = Il individus) et au mois de février 2005 (n 
= 6 individus) . Ensuite, nous avons ca lculé les pourcentages moyens de fois où chaque 
individu était observé: en train de s'alimenter, en haut d'un arbre, en milieu ouvert (Tableau 
4 .5) au mois de février 2004 (n = 21 individus) et au mois de février 2005 (n = 5 individus). 
Nous avons calculé les moyennes pour le mois de février car c'est un mois où nous avions 
des données sur tout le mois pour la plupart des individus (deux individus sont morts au cours 
du mois , respectivement le 10 et le 27 février). 
Ensuite, nous avons testé si les individus différaient dans leur patron d'activité et 
utilisation de l 'habitat (Tableau 4.4, Tableau 4.5). Pour ça, nous avons utilisé des modèles 
linéaires général isés dans SAS version 9.l. (SAS 2002) avec l'identité des animaux en 
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variable explicative et les variables décrivant le patron d'activité et l' utili sation de l' habitat 
(e.g. temps dehors, occurrence d ' un animal en milieu ouvert) comme variabl es dépendantes 
(dans des analyses séparées) . Finalement, nous avons utili sé les variables où les animaux 
présentaient des différences individuelles significatives comme variables expliquant la survie, 
en se servant des moyennes individuelles dans les analyses de survie. 
Tableau 4.4 : Temps moyen passé dehors en 24 h (h) , durée moyenne des sorties (mi n), 
nombre moyen de sorties en 24 h et indice de nocturnalité moyen (0 : activité totalement 
diurne, 2 : activi té totalement nocturne) pour les porcs-épies d 'Amérique sui vis en février 
2004 et février 2005 au Parc National du Bic, Québec, Canada. Les seuils de signifi cation 
pour les di fférences entre individus dans l' utili sation de l' habitat sont indiqués par 




























































































Tableau 4.5 : Pourcentage d'observations où l 'animal est en train de s'alimenter (%), où 
l'animal est au sommet d' un arbre (%), où l'animal est en mil ieu ouvert (%) lorsqu ' il se 
trouve à l'extérieur de sa tanière, et temps de survie (jours) à paltir du 1 cr janvier pour les 
porcs-épies d'Amérique suivis en février 2004 et février 2005 au Parc National du Bic, 
Québec, Canada. Les différences entre individus dans l'uti lisation de 1 'habitat n'étaient pas 
statistiquement significatives 
Alimentation Sommet d' arbre Milieu ouvelt Survie 
Février 2004 
A 37.5 12.5 12.5 106t 
B 44.4 66.7 0.0 106t 
C 40.0 0.0 0.0 106t 
D 33.3 66.7 0.0 106t 
E 100.0 50.0 0.0 106t 
F 0.0 0.0 0.0 83 
G 0.0 100.0 0.0 82 
H 66.7 50.0 0.0 106t 
100.0 50.0 0.0 106"1 
J 75 .0 37.5 12.5 103 
K 0.0 100.0 0.0 106 "1 
0 0.0 100.0 0.0 71 
P 0.0 100.0 0.0 76 
Q 50.0 50.0 0.0 69 
R 50.0 75 .0 0.0 106"1 
S 100.0 100.0 0.0 106t 
T 0.0 100.0 0.0 40 
U 0.0 66.7 0.0 106"1 
V 33.3 66.7 0.0 106t 
w 100.0 100.0 0.0 106t 
X 50.0 50.0 0.0 106t 
Fév rier 2005 
A 85.7 100.0 42 .9 57 
B 100.0 100.0 0.0 73 
C 100.0 100.0 0.0 62 
L 10.0 90.0 30.0 77t 
M 40.0 80.0 60.0 68 
N ND ND ND 77t 
t Temps de surv ie censuré (i.e. l'animal était encore vivant à la fin de la période de suivi) 
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Survie 
Nous avons ca lculé le temps de survie des animaux comme le temps entre le 1 cr janvier et 
la mort (temps de surv ie exact) ou entre le 1 cr j anvier et la fin de la période d 'étude (15 avril 
en 2004, 18 mars en 2005 , temps de survie censuré). E n 2004, nous conna iss ions la date de 
mort pour sept des 2 1 individus sui vis et en 2005 pour quatre des six indi vidus sui vis (i.e . les 
autres indi vidus ont survécu). Quand nous trouvions un animal mort nous détermin ions la 
cause de morta lité comme inanition (animal non blessé et maigre), mort par accident routier, 
mort d ' une chute d 'arbre (blessé et trouvé sous un arbre) , mort par prédation (traces de sang, 
restes de peau, intestins ou estomac avec ou sans traces de prédateurs) ou mort non naturelle 
(mort à l 'anesthés ie ou pendu par son colli er dans un arbre). Sur les Il animaux morts 
pendant la période d 'étude, tro is sont morts par inanition, 0 pa r acc ident routi er, un par chute 
d 'arbre, six par prédation et un de m Ol1 non nature ll e. 
Nous avo ns ana lysé la survie en utili sant le modèle de régress ion à effet proportionne l de 
Cox (1972) . Dans ce modèle la fo nction de surv ie cumul ati ve Set), qui défini t la probabilité 
de survivre plus longtemps que le temps t ( ic i en j ours), est exprimée comme fo ncti on du 
ri sque, qui est la dé rivée de la fo nction de survie au cours du temps (i.e. la probabilité de mort 
instantanée ) . 
h(t) = dS(t)/dt (5) 
Le modèle de régress ion à effet p roportionne l est: 
(6) 
o ù ho(t) est la fo nction de ri sque de base, ~i sont les coefficients de régression, et Xi sont 
les vari ables explicati ves. Chaque coeffi c ient de régress ion est inte rprété comme pour une 
régress ion logistique class ique: une augmentation d ' une unité dans la variable explicati ve 
entraîne une augmentation de ePi dans le rappOl1 de risque (hazard ratio). Un rapport de 
ri sque > 1 indique une augmentation de la probabilité de mort instantanée quand la va leur de 
la variable explicati ve augmente. Un rapport de ri sque <1 indique une diminution de la 
probabili té de mOl1 instantanée quand la va leur de la variable explicati ve augmente. Les 
vari abl es que nous avons utili sées pour expliquer la survie sont le temps dehors en 24 h, la 
durée des sort ies, le nombre de sOl1ies par 24 h et l' indice de nocturnalité . N ous avons utili sé 
SAS version 9. 1. (SAS 2002) pour examiner comment ces di fférentes variables éta ient 
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associées avec le temps de survie (procédure PHREG). On ne trouve pas d 'effet du temps 
passé dehors en 24 h CX2 , = 0.59, p = 0.443), de la durée des sOlties cl, = 1.52, p = 0.217) ou 
de l' indice de nocturnalité cl, = 0.90, p = 0.343) sur la survie. Par contre, on trouve que le 
nombre de sOlties par 24 h influence la survie de façon très marquée et que cet effet est 
presque significatif au seuil 0.05. En effet, l'examen du rapport de risque montre que sottir 
une fois de plus chaque jour multiplie par sept la probabilité de mort instantanée (l, = 3.80, 
p = 0.051 , hazard ratio = 8.58). 
La principale cause de mortalité des adultes au cours de l' hiver est la prédation et ce 
résultat suggère que la probabilité de prédation augmente quand les animaux augmentent le 
nombre de sorties par 24 h. Les porcs-épies passent plus de temps au sol lorsqu ' ils font 
plusieurs sotties dans une journée au lieu d ' une et sont probablement plus facilement 
détectables pour un prédateur lorsqu ' ils marchent dans la neige que lorsqu ' ils se trouvent au 
sommet d'un arbre (observations personnelles) . Une augmentation du nombre de sorties 
moyen par 24 h a un effet négatif très important sur la probabilité de survie et c'est sans 
doute pourquoi les animaux augmentent le nombre de sotties par 24 h quand le stress 
thermique augmente (i .e. quand la température diminue) mais pas quand le risque de 
prédation augmente (i.e. quand l'enfoncement dans la neige augmente). On n'observe pas de 
diminution du nombre de sorties quand le risque de prédation augmente, sans doute parce que 
les animaux doivent sortir chaque jour au moins une foi s pour s'alimenter. 
Chapitre 5 Are juvenile porcupines maximizing survival 
by selecting their micro habitat? 
Mabille G. , Berteaux D. 
(à soumettre, Écoscience) 
Les patrons d'activité des porcs-épics adultes pendant l' hi ver semblent varier à la foi s en 
fonction des conditions c limatiques et du risque de prédation (chap. 4). Nous examinons ici 
l' utilisation de l 'habitat par les porcs-épics juvéniles pendant l'été afin de déterminer si les 
animaux utili sent leur habitat de manière à minimiser l'exposition au froid et/ou à la 
prédation. Comme déjà discuté, le risque de prédation était élevé pendant notre étude (chap. 
3) et les juvéniles sont palticuliènnent vulnérables à la prédation à cause de leur mobilité 
restreinte et de leur manque d'expérience. Par ai lleurs, les juvéniles ont un système de 
thermorégulation immature et sont sensibles à l'hypothennie. Comme pour les porcs-épics 
adultes en hiver, les contra intes dues à l'environnement thermique et à la prédation sont donc 
substantielles pour les juvéniles au cours du premier été. L'utilisation de couvert végétal est 
réputée fournir une certaine protection contre la prédation. Cependant, la température 
ambiante est plus basse dans les habitats avec plus de couvelt. On montre que les juvéniles 
utilisent des microhabitats offrant un fort couvelt protecteur, et que les juvéniles utili sant les 
habitats les plus couverts survivent le mieux. Ici encore, on interprète ces différences dans la 
survie comme des différences dans l'exposition à la prédation, principale cause de mOitalité 
des juvéni les . L'utilisation du couvert à l 'extérieur des tanières n'est pas dépendante des 
conditions de température. Néanmoins, l 'uti lisation des tanières augmente quand il fait froid 
et quand il pleut. Comme en hiver, les tanières semblent donc offrir un refuge à la foi s contre 
les prédateurs et contre les conditions thermiques défavorables. L'utilisation de l'habitat 
pelmet donc de moduler l'exposition au froid et à la prédation, avec des conséquences 
positives de l'évitement de la prédation pour la survie des individus. 
5.1. Abstract 
ln many mammals, juveniles are highly vulnerable to predators because of their low 
mobility and small body size. Use of dense ground co ver by juveniles has been assumed to 
lower predation risk. On the other hand, use of coyer during sunny summer days decreases 
access to radiative heat gain and may be detrimental fo r juveniles that are sensitive to 
hypothennia. Studies relating use of coyer to survival of juveniles remain infrequent and 
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have been essentially performed on ungulates. We measured habitat se lection and monitored 
surv iva l of 14 North American juvenile porcupines. We tested 1) whether juveniles se lected 
for coyer at the microhabitat scale (within 1 m of the animal) and at the local scale (within 15 
m), 2) whether use of coyer depended on meteorological conditions, and 3) whether use of 
coyer influenced surviva l. We also examined how sex, body mass , mobility of the juvenile, 
and di stance between juvenile and mother affected surviva l. Our results indicate that j uvenile 
porcupines se lected microhabitats prov iding high protective coyer (microhabitat sca le) within 
areas showing low herb co ver (local scale). Use of coyer depended on weather, with juveniles 
using dens to avoid low air temperature and rain . Ten out of 14 juveniles died before the end 
of the summer and nine out of 10 deaths were due to predation. Habitat use (at both the 
microhabitat and local scales) influenced survival. At the microhabitat scale, use of protective 
coyer and use of trees enhanced survival compared to use of ground locations. At the local 
scale, use of sites with high shrub coyer enhanced surviva l. We fo und no effect of sex, body 
mass, mobility, and di stance to the mother on surviva l. These results supp0l1 the hypothes is 
that predation was the main factor limiting survival of juveniles in our population and that 
predation ri sk was modulated by habitat use of juveniles. 
Key-words : climate, conditionallogistic regress ion, Erethizon dorsatum, hider-fo llower 
behav iour, Québec, surviva l analys is 
5.2. Introduction 
ln large herbivores, juvenile surviva l is more sensitive to environmental variation than is 
adult surviva l (Gaill ard et al. 2000, Eberhardt 2002, Gaillard & Yoccoz 2003), and has been 
reported to play a fundamental role in driving the dynamics of several populations (Coulson 
et al. 1997, Gaillard et al. 2000). Therefore, identifying the causes of vari ation in ea rl y 
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survival of large herbivores constitutes an important issue in evolutionary ecology, 
population management, and conservation (Linnell et al. 1995, Gaillard et al. 1998, Gaillard 
et al. 2000 for reviews). One reason why juvenile survival is highly variable may have to do 
with predation . Juveniles are highly vulnerable to predation because of their small size, low 
mobility, and lack of experience (Molinari-Jobin et al. 2004, Hoogland et al. 2006). Newborn 
mammals are often categorised as followers or hiders depending on their anti-predatory 
strategy (Lent 1974). In species where juveniles follow their mother, mothers minimize 
predation risk to their offspring by using habitats with fewer predators or greater 
opportunities to evade predation (Bleich et al. 1997, Rachlow & Bowyer 1998). For species 
relying on a hiding behaviour, characteristics of the hiding site may be important in 
determining protection from predators. For example, it is weil documented that ungulate 
fawns select hiding sites providing large amounts of cover (see review in Mysterud & Ostbye 
1999), and presence of cover is believed to lower the risk of predation, either through 
reduction of the detection probability, or through obstruction from attacks . However, even if 
it is generally assumed that such habitat selection has important sUl"vival consequences, 
studies relating use of cover to survival of juveniles are rare (but see Linnell et al. 1995 , 
Aanes & Andersen 1996, Canon & Bryant 1997, Fanner et al. 2006). 
On the other hand, presence of cover decreases exposure to solar radiation (Demarchi & 
Bunnell 1993) and some large mammals have been shown to use cover during summer to 
reduce heat stress (Demarchi & Bunnell 1995, Dussault et al. 2004) . For neonates that are 
sensitive to hypothennia (Doolan & Macdonald 1997, Andersen & Linnell 1998, Gilbert & 
Raedeke 2004, Oison et al. 2005), use of cover during sunny summer days may be 
detrimental because it may decrease access to radiative heat gain (Bowyer et al. 1998). ln 
particular, risk ofhypothennia increases with decreasing body size because animais with a 
small body size have a high surface area to volume ratio, which means that they have a high 
rate of heat loss to the environment (Scholander et al. 1950b, Kreith & Black 1980). 
Although ungulate hiding fawns select for cover, with possible positive effects on survival , it 
is therefore unclear whether selection for cover should be beneficial to hiding neonates of 
smaller body size, that are relatively more susceptible to hypothennia. 
ln this study, we used North American porcupines (Erethizon dorsatum) , a medium-sized 
mammal that relies on a hiding anti-predatory strategy (Roze 1989), to investigate how the 
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use of coyer influenced summer survival of juveniles. Juvenile porcupines weigh about 400g 
at bilth and are potentially exposed to both predation and hypothermia. Potential predators of 
juvenile porcupines inc\ude the great horned owl (Bubo virginianus), the lynx (Lynx 
canadensis), the bobcat (Lynx rufils), the coyote (Canis latrans), the wolf (Canis lupus), the 
wolverine (Gulo luscus), the mountain lion (Fe lis concolor) and the fisher (Martes pennanti) 
(Roze 1989). Fishers , coyotes, and great horned owls were ail regularly observed in our study 
area, therefore exposing juveniles to a significant predation risk . Yet, juvenile porcupines are 
born in mid-May when air tempe rature in our study site may still be as low as O°e. We thus 
expected juvenile porcupines to face a clear trade-off between using coyer to decrease 
predation risk and avoiding co ver to increase solar heat gain. ln such a situation, two 
scenarios can be proposed. First, if predation is the main factor limiting survival in our 
population we would expect juveniles to select for coyer, and juveniles using the more 
protective coyer to survive better. Second, if hypothermia is the main limiting factor, we 
would expect juveniles to select areas offering the best thennal environment (i .e. in the 
daytime, open areas), and juveniles using the more open areas to survive better. We expected 
predation to be the main factor limiting survival in our population because predation rates on 
porcupines of ail age classes were substantial during the study period, leading to a large 
decline in the size of our population (chap. 3). 
The main goal of our study was to determine whether juvenile porcupines selected for 
coyer (considered at two spatial scales) to avoid predators, and whether use of cover at one or 
the other scale enhanced survival. We tested the following predictions: 
1) selection for cover occurs at both spatial scales because juvenile porcupines are 
highly vulnerable to predation (Sweitzer & Berger 1992). 
2) juveniles are more likely to use open areas under cold conditions. Even though we 
predicted avoidance of predators to be the main factor driving habitat selection by juveniles, 
we expected risk of hypothermia to be high on cold days and therefore to influence habitat 
use on those days. Juvenile porcupines are poorly insulated (Haim et al. 1992) and may be 
faced with relatively low tempe ratures during their first weeks of life. We therefore expected 
them to trade off protection from predators with access to radiative heat gain by using open 
habitats wh en sun was shining (i.e. during the daytime) but air temperature was low. 
86 
3) individual differences exist in the use of coyer and translate into variations in 
survival probability. As we predicted that predation is the main factor limiting survival and 
driving habitat use by juvenile porcupines, we expected individuals using relatively covered 
habitats to survive better than those using more open habitats . 
ln addition, because factors other than habitat use are known to affect survival either 
directly or through an increased vulnerability to predation, we tested wh ether sex (Webb 
1993, Aanes & Andersen 1996), body mass (Keech et al. 2000, Côté & Festa-Bianchet 2001 ), 
mobility (Daly et aL 1990, NOlTdahl & Korpimaki 1998, Yoder et aL 2004) and distance 
between a juvenile and its mother (Mathisen et al. 2003) influenced summer survival of 
juveniles. 
5.3. Material and methods 
Study area and s tudy population 
We worked from 1 May to 15 August for two consecutive years (2003-2004) in the Parc 
National du Bic (48°20 'N , 68°46'W, elevation 0-150m), Québec, Canada. The study area is 
characterized by a rugged topography, abundance of natural rock dens, and a mixed-boreal 
forest dominated (in order of importance) by quaking aspen (Populus tremuloides), eastern 
white cedar (Thuja occidentalis), white spruce (Picea glauca) and balsam fir (Abies 
balsamea). The area is fragmented by abandoned and cultivated fields where porcupines feed 
in summer and where they are easily captured. We worked on a population of individually-
marked porcupines monitored each summer since 2000. We fitted adult females with radio 
transmitters (Lotek SMRC-5RB VHF transmitter, Lotek Wireless Inc. , Newmarket, Ontario) 
at the beginning of spring and searched fOl· juveniles around lactating females (chap. 2) . We 
performed searches in 2003 and 2004 and totali zed >240 hours of search. We found 14 
juveniles (2003: 10; 2004: 4) , fitted them with Holohil VHF transmitters (model RI-2DM 7.5 
g, Holohil Systems Ud., Carp, Ontario) and subsequently followed their habitat use until 15 
August. We locatedjuveniles five days a week by following the signal to the animal (homing, 
see Morin et aL 2005 for details), and recorded their location using UTM coordinates (hand-
held Global Positioning System). When approaching juveniles, we carefully listened for any 
changes in signal regularity and for noises in the woods to determine whether the approached 
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juvenile was moving to escape from us . Juveniles usually didn't move when approached but 
we removed al! observations of disturbed or moving juveniles from analyses (n = 8 
observations) . Our telemetry effort was concentrated in the daytime (90% of locations were 
obtained between 9 am and 5 pm). We paid special attention to distribute sampling along the 
diurnal cycle evenly across individuals. 
Study design 
Each time we located an animal, we characterized the habitat where the animal was 
hiding and at a paired random location. For both the animal and the random location, we 
made one set of measures at the microhabitat scale (within 1 m of the animal or random 
location) and one at the local scale (within 15 m of the animal or random location). We first 
detennined whether selection for coyer occurred at one or both scales to verify our prediction 
1. Because the number of observations was low for some animaIs (mean ± SE: 21 ± 4 
observations, range: 2- 47 , Table 5.3), we could not determine habitat selection for each 
individual. Rather, we determined habitat selection for the population, taking into account the 
pseudo-replication in our analyses (following Fortin et al. 2005, see statistical analyses). To 
verify our prediction 2, we tested whether the use of coyer depended on meteorological 
conditions using data for the population and again taking pseudo-replication into account (see 
statistical analyses). Finally, we used mean coyer used by individual juveniles (at both 
scales), sex, body mass on 10 June , mean daily movements, and mean distance to the mother 
as covariates in survival analyses in order to verify our prediction 3 and test for the effects of 
sex, body mass, mobility , and distance to the mother on survival time. Below we detail how 
we implemented this study design. 
Habitat selection 
When we located a juvenile, we first noted whether it was in a den (usually rock dens), 
on the ground, or in a tree (at least 30 cm above ground). ]f the juvenile was in a tree, we 
recorded the species of the tree and measured its circumference at breast height. Then, we 
visually estimated «5%, 5-25%, 25-50%, 50-75%, >75%) the protective coyer (vegetation or 
rock, Mysterud & Ostbye 1999) present within 1 m of the porcupine. Finally, we measured 
air temperature and wind speed at the animal location using a handheld thermometer-
windmeter (TF A 42.6000.06, TF A Dostmann Ltd Co ., Germany) . At the local scale (15 m-
radius), we visually estimated «5%, 5-25%, 25-50%, 50-75%, >75%) tree, shrub (any 
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woody vegetation between 50 and 150 cm tall), and herb coyer (any non-woody vegetation) 
as weil as the species of the dominant tree. 
Finally, we sampled in the same manner a random location, located 20 m away from the 
animal location, in a random direction. We determined the 20 rn-distance according to 
preliminary observations indicating that juveniles made daily movements generally <20 m. 
Note that we were interested to detect selection of particular trees by juvenile porcupines . 
lndeed, adult porcupines select quaking aspens for feeding in summer in our study area 
(Morin et al. 2005) and we wanted to test if juveniles also did. Therefore, when the animal 
was in a tree, we used a tree as the random location. Conversely, when the animal was 
located on the ground or in a den , we used a terrestrial location as the random location. One 
drawback of this sampling strategy however, is that it precluded testing for a selective use of 
tree or ground locations . 
Effects of meteorological conditions on the use of cover 
Each time we located a porcupine, we recorded Julian date, air temperature (oC), wind 
intensity (no wind, leaves agitated, twigs move, branches move, branches bend, whole trees 
move), and intensity of precipitations in the last 12 hours (no fog , fog , light rain, heavy rain). 
We first tested if weather intluenced the use of den and then, for non-den observations, if 
weather intluenced the percentage of protective coyer used at the microhabitat scale. 
J ndividual indicators of habitat use 
We first compiled individual indicators of habitat use for descriptive pUl"pOses. At the 
microhabitat scale, we determined the percentage oftimes ajuvenile was in a den, on the 
ground and in a tree. ln addition, we computed the mean protective coyer, the mean air 
temperature and the mean wind speed experienced by each individual. For coyer, we assigned 
values of 0, 25 , 50, 75 and 100% of co ver to observations that fell respectively in categories 
<5%, 5-25%, 25-50%,50-75%, and >75% ofcover during the visual evaluation. We also 
calculated for each juvenile the mean circumference oftrees used and the percent use of the 
following tree species or group of species (Morin et al. 2005): qua king aspen (hereafter called 
aspen) , fruit-bearing trees (serviceberry Amelanchier sp., American mountain-ash Sorbus 
Americana, and pin cherry Prunus pensylvanica) , other deciduous trees, eastern white cedar 
(hereafter called cedar), and other coniferous trees (white spruce, balsam fir). At the local 
sca le, we computed the mean tree, shrub and herb coyer present in s ites used by each 
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individual (using approximations described above) and the percentage of times the dominant 
tree within 15 m was an aspen, fruit-bearing, deciduous, cedar or coni ferous tree. 
Second, we tested whether juveniles differed in their use of coyer (at both scales) as we il 
as in their use of den, ground and tree locations. F inally, when j uveniles showed significant 
individual di fferences in use for a given variable, we utili zed thi s variable of habi tat use in 
surviva l analyses . 
Sex, body mass, mobility and distance ta the mother 
We sexedjuveniles by palpating the genital area (Dodge 1982) and weighted them once a 
week from the date they were found to 15 August. We used body mass as a proxy fo r age of 
the indi viduals as we expected earli er born individuals to be heavier than later born 
indi viduals. We chose body mass on 10 June because a il j uveniles were born on or before 
that date (range of birth date : 6 May-I 0 June), and because we measured body mass fo r 10 of 
14 j uveniles on that date. For the remaining four individuals, we estimated body mass on 10 
June by adding or removing 30 g/day (average daily weight gain in June calculated over a il 
individuals) from the body mass measured on the day closest to 10 June (27 May, 01 June, 0 1 
July, 06 July for these four juveniles). We characterized the mobility of juveniles using the 
mean di stance the y moved in a day. We ca lculated thi s di stance by di viding the total di stance 
(straight line) moved from one location to the next by the number of days elapsed between 
success ive locations. Finall y, when we knew the identity of the mother (n = Il ), we located it 
tw ice a week, just before or after locating its juvenile, in order to calcul ate the di stance 
between mother and juvenile (m). 
Survival 
We calculated survival time as the time from birth to death (exact time) or to the end of 
the study period (1 5 August, censored time) . We estimated date ofb irth from weight on first 
capture considering a mean weight ga in of30 g /day. Over 14 juvenil es, we knew the exact 
death time fo r 10 indi viduals and death time was censored fo r the rema ining fo ur indi viduals 
(i .e. these indi viduals were still ali ve at the end of the study peri od). W hen we fo und a dead 
j uvenile, we determined cause of mortality as starvation (not injured, intact carcass), predator 




We built models of habitat se lection by comparing used and random locations to obtain 
Resource Selection Functions (RSF, Manly et al. 2002). RSFs are equations that predi ct the 
relati ve probabil ity of use, taking the form : 
where w(x) is the RSF value, e is the base of the naturallogarithm, ~ i are the estimated 
coeffi cients, and Xi are habitat variables. We used matched case-contro l or conditional 
( 1) 
logisti c regress ion (Hosmer & Lemeshow 1989) to estimate coeffi cients. Each pair of used-
random points was defined as a stratum in analyses so that conditional logisti c regress ion 
compared use with availability in a given pair, which is parti cularly adapted to studies of 
microhabi tat and/or microclimate selection (Compton et al. 2002). Because we had repeated 
measurements of habitat use on the same individuals, measurements were not independent. 
Such correlation does not influence coeffic ient estimates (~ values), but biases their standard 
errors (Nielson et al. 2002). We used a robust sandwich estimate of the covariance matrix 
(Lin & Wei 1989, Wei et al. 1989) to obtain robust standard en-ors of coeffic ients. For that 
we defined ail observations coming fro m a given individual as a cluster, pairs of used-random 
points as a stratum, and analysed our data using SAS software, proc PHREG, vers ion 9.1 
(SAS 2002) fo llowing Fortin et al. (2005). Each estimated coeffi cient is interpreted as usual 
fo r logisti c regress ion: a one unit increase in an explanatory variable results in a ePi increase 
in the odds ratio. For low-probability events (such as the presence of a juvenile porcupine) , 
the odds ratio approximates the relative ri sk, i. e. the ratio of the probability of event x (e.g. a 
porcupine being present) given A to the probability of x given B (Hosmer & Lemeshow 
1989, Compton et al. 2002) . Because we used a Cox proportional hazards model fo r 
regress ion analyses (a lso used fo r surviva l analyses , see below), we show hazard ratios 
instead of typical odds ratios. However, interpretation of hazard ratios is sim ilar to 
in te rpretation of odds ratio . 
Effects of meteorological condi tions on the use of coyer 
Our data set included repeated measurements made on the same indiv iduals at di ffe rent 
dates so we fi tted mixed effect models with porcupine identi ty as a repeated factor. We used 
SAS software , version 9. 1 (SAS 2002) to analyse the effects of meteorological covari ates on 
den use (treated as a binary variable : inside-outside den; proc GLlMMIX) and on the 
percentage of protective coyer used (treated as a continuous variable: 0 to 100% of coyer; 
proc MIXED). 
lndividual indicators of habitat use 
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We tested for individual differences in habitat use using ail observations (n = 299 for 
each variable) and generallinear models in SAS software version 9. l. (SAS 2002). We used 
identity of juveniles as the explanatory variable in ail analyses and amount of protective 
coyer, amount of tree , shrub, and herb coyer (continuous variables; proc GLM), or use of a 
den , ground, and tree location (binary variables; proc LOGISTlC) as dependent variables . 
Sex, body mass, mobility, and distance to the mother 
We calculated me an daily movements of juveniles and me an distance to the mother for 
May, June, July and August but used overall mean daily movements and overallmean 
distance to the mother as covariates in survival analyses . 
Survival 
We analysed juvenile survival using a Cox proportional hazards model (Cox 1972). In 
the proportional hazards model, the cumulative survival function Set) , which defines the 
probability of surviving longer th an time t (here expressed in days) , is expressed as a hazard 
function , which is the derivative of the survivor function over time (i .e. instantaneous 
probability of death): 
h(t) = dS(t)/dt (2) 
The proportional hazards model is: 
h(t) = ho(t)e[~lxl +~2X2+ . . . +~pxp] (3) 
where ho(t) is the baseline hazard function , e is the base of the natural logarithm, ~i are 
regression coefficients, and Xi are model covariates. We wanted our covariates to describe the 
habitat use of each juvenile porcupine as well as its sex, mass on 10 June, mobility, and mean 
distance to the mother. We used proc PHREG in SAS software version 9.1 (SAS 2002) to 
examine how these different covariates were associated with survival time. We ran separate 
analyses for three combinations of response variables : 1) coyer used at the microhabitat scale : 
percentage of protective coyer, percent use of den, ground, and tree locations; 2) coyer used 
at the local scale : percentage of tree, shrub and herb coyer in sites used; 3) sex, body mass, 




At the microhabitat scale, selection fo r dens was obvious because juveniles were using 
dens in 47% of observations while we never fo und dens in the random locations we sampled 
(Fig. 5.1 a) . Juveniles also se lected sites characteri zed by a high protective cover, low air 
temperature, and low wind speed (Fig. 5. l a, Table 5.1). The hazard ratios allowed us to 
quantify this se lection and indicate that a 10% increase in protecti ve cover was assoc iated 
with a 69% increase in selection, that a 1°C increase in temperature was associated with a 
2 1 % decrease in selection and that a 0.1 mis increase in wind speed was assoc iated with a 
20% decrease in se lection (Table 5.1). Wh en using a tree, juveniles se lected large trees but 
did not signi ficantly use any tree species compared to aspens (F ig. 5. J b, Table 5. J). 
According to the hazard ratio, a 10 cm increase in the circumfe rence of the tree was 
associated with a 72% increase in selecti on (Table 5.1). 
At the local scale, juveniles se lected areas with low herb cover and wi th cedar trees as 
dominant tree species (F ig. 5.2, Table 5.1). The hazard ratios indicate that a 10% increase in 
herb cover was assoc iated with a 14% decrease in selection and that the presence of cedar as 
dominant tree species was assoc iated with a J 36% increase in se lection compared to when 
aspen was dominant (Table 5.1). 
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Figure 5.1 : Characteristics of microhabitats measured within 1 m of hiding sites used by 14 
juvenile North American porcupines, and at random locations in Parc National du Bic, 
Québec, May to August, 2003-2004. Results shown are means (± SE) for the population 
(calculated from individual means). a) Proportion ofhiding sites that were in a den (/1 0), 
proportion of protective cover (/1 0) around hiding sites, air temperature (oC), and wind speed 
(cm/s) in the microhabitat (n = 14 individuals and 299 observations for ail variables). b) 
Percentage of times the tree used was an aspen, fruit -bearing, other deciduous, cedar, or other 
coniferous tree Bars to the right show mean circumference (cm) of the tree (n = 10 
individuals and 73 observations for ail variables). 
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Table 5.1 : Coefficients for the resource selection functions at the microhabitat (1 m) and 
local (15 m) scales for hiding sites used by 14 juvenile North American porcupines in Parc 
National du Bic, Québec, May to August, 2003-2004 
Variable ~ value Robust ? P Hazard ratio X-
SE 
Microhabitat scale 
Percentage cover 0.522 0.042 151.72 <0.001 1.69 (10%) 
Air temperature -0.240 0.064 13.91 <0.001 0.79 (1 °C) 
Wind speed -0.228 0.089 6.57 0.010 0.80 (0.1 mis) 
Tree use 
Circumference 0.548 0.099 30.82 <0.001 1.73 (10 cm) 
Tree species 
Aspen 0 ND ND ND reference category 
Fruit-bearing 0.603 1.085 0.31 0.578 1.83 
Other deciduous -0.978 l.137 0.74 0.390 0.38 
Cedar 1.469 0.861 2.91 0.088 4.34 
Other coniferous 0.202 0.781 0.07 0.796 1.22 
Local scale 
Tree cover -0.034 0.090 0.14 0.704 0.97 (10%) 
Shrub cover -0.044 0.043 1.04 0.308 0.96(10%) 
Herb cover -0 .150 0.068 4.81 0.028 0.86 (10%) 
Dominant tree 
Aspen 0 ND ND ND reference category 
Fruit-bea/oing -0.679 1.458 0.22 0.641 0.51 
Other deciduous 0.237 0.466 0.26 0.611 1.27 
Cedar 0.860 0.261 10.85 0.001 2.36 
Other coniferous 0.397 0.260 2.32 0.127 1.49 
EJJects ofmeteorological conditions on the use of cover 
Air temperature was positively correlated to Julian date during summer (Pearson 
correlation, r = 0.275 , P = 0.009, n = 90) so we tested for effects of temperature while 
correcting for Julian date. Wind intensity and rain intensity in the last 12 hours were both 
independent of Julian date (Speannan rank correlation, r = -0.136 and 0.025 , p = 0.201 and 
0.818 respectively, n = 90) so we did not correct for Julian date when testing for effects of 
wind and rain . 
The probability that juveniles were outside their den increased with Julian date (F(I ,284) = 
5.29, p = 0.022), and also with air temperature (Table 5.2), even after taking Julian date into 
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Figure 5.2: Characteristi cs of vegetative co ver within 15 m ofhiding sites used by 14 juvenile North American porcupines compared 
to vegetative co ver ava ilable at random locations, in Parc National du Bic, Québec, May to August, 2003-2004. From left to right: 
percentage of tree, shrub and herb cover present on the site, and mean percentage of times the dominant tree species was an aspen, 
fruit-bearing, other deciduous, cedar, or other coni fe rous tree (n = 14 individuals and 299 observations for al! variables). Results 
shown are means (± SE) for the popu lation (ca lculated from indi vidual means). 
den also increased with wind intensity (Table 5.2, F (I ,284) = 5.11 , P = 0.025) , and with 
decreasing rain intensity in the last 12 hours (Table 5.2, F ( I,284) = 4.21, P = 0.041). 
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Outside of the den, juveniles decreased the amount of coyer used as Julian date increased 
(F(J ,135) = 9.79, P = 0.002) and with increas ing rain intensity in the last 12 hours (Table 5.2, 
F (J ,135 ) = 5.35 , P = 0.022). There was no effect oftemperature (F(I , 134) = 1.23, P = 0.270) or of 
wind intensity (F(J ,135) = 0.20, P = 0.653) on the amount of co ver used (Table 5.2). 
Table 5.2 : Use of den (% of locations in den) and use of co ver wh en outside of the den 
(mean % of protective coyer) as a funct ion of meteorological conditions for 14 juvenile North 
American porcupines in Parc National du Bic, Québec, May to August, 2003 -2004. We 
considered wind to be present when tree leaves were agitated and ra in to be present wh en at 
least a light rain was fa lling (see methods). Sample sizes (N) represent number of individuals 
and number of observations 
Use of den Use ofcover 
Mean ± SE N Mean ± SE N 
Air temperature 
> 15°C 61 ± 10 12, 65 68 ± 7 9, 21 
15-19°C 54 ± 7 13 , 106 55 ± 6 12, 50 
20-24°C 42 ± 12 10, 105 63 ± 4 9, 63 
2:25 °C 27 ± Il 8, 23 70 ± 9 8, 16 
Wind 
No wind 61 ± 8 13, 112 63 ± 4 11 , 47 
Wind 45 ± 6 13, 187 61 ± 5 13 , 103 
Rain in the last 12 h 
No rain 50 ± 8 13, 192 68 ± 5 12, 103 
Rain 55 ± 9 14, 107 56 ± 6 12, 47 
Individua/ indicators of habitat use 
We foundjuveniles inside dens, on the ground, and in a tree 47%, 26% and 27% of the 
times we located them, respectively. lndividuals significantly differed in their use of den , 
tree , and ground locations (Table 5.3) . On average, juveniles used microhabitats provid ing 
77% of protective coyer but individuals significantly differed in the me an protective coyer 
they used (Table 5.3). The amount of protective coyer was negatively correlated to the air 
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Table 5.3: Use of coyer by juvenile NOlth American porcupines at the microhabitat (1 m) and local (15 m) sca les in Parc National du 
B ic, Québec, May to August, 2003-2004. Results are reported as the mean for each individual (A to N) and for the population (mean 
ca\culated from individual means). Levels of significance for between-individual differences in habitat use are indicated as * (p<0.05) , 
** (p<O.Ol), and *** (p<O.OOI) 
A B C 0 E F G H 1 J K L M N Mean 
Observations (n) 5 3 46 13 33 3 18 8 30 47 38 2 28 25 21 
Survival time (days) 22 30 87t 31 67 27 37 29 66 10l t 83 23 71t 73t 53 
Microhabitat scale 
Protective cover** (%) 65 42 74 94 70 75 89 84 82 80 86 63 90 89 77 
Use of den** (%) 40 0 28 46 40 67 67 75 53 43 45 0 82 76 47 
Use of ground* (%) 20 33 13 54 33 33 17 13 27 13 39 50 4 8 26 
Use oftree*** (%) 40 67 59 0 27 0 16 12 20 44 16 50 14 16 27 
Local scale 
Tree Cover*** (%) 70 75 65 54 63 50 49 97 58 62 67 75 84 67 67 
Shrub Cover*** (%) 0 25 32 10 28 33 56 6 27 31 34 13 3 1 27 25 
Herb Cover*** (%~ 0 33 14 0 2 58 32 13 27 24 16 0 17 5 17 
tSurv ival time is censored (i. e. indiv idual was sti ll a live on 15 August) 
temperature (Speannan rank con'e lation , r = -0.258, p<O.OO l, n = 299) and wind speed 
(Spearman rank correlation, r = -0.168, P = 0.003, n = 299) measured in the microhabitat. 
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At the local scale, juveniles used sites with an average of 67% of tree coyer, 25 % of 
shrub co ver and 17% of herb coyer but individuals significantly differed in the mean tree, 
shrub and herb coyer they used (Table 5.3). The amount oftree co ver was negatively 
correlated to the amount of shrub (Spearman rank correlation, r=-0.176, p = 0.002, n = 299) 
and herb coyer (Spearman rank correlation, r=-0.243 , p<O.OOI, n = 299) present in the site. 
Sex, bady mass, mability and distance ta the mather 
Eight of the studied juveniles were females and six were males. Mean body mass on 10 
June was 930 ± 96 g (range: 350-1380 g, n = 14), and was not different between sexes 
(ANOVA , F (l ,12) = 0.05 , P = 0.821). Mean daily length ofmovement was not constant 
through time (ANOVA, F (3,27) = 7.470, P = 0.001, Table 5.4) and was not differen t between 
sexes (ANOV A, F ( I ,12) = 0.52, P = 0.486). Mean distance between juvenile and mother did 
not significantly change with time (ANOVA, F (3 ,18) = 1.505 , P = 0.247, Table 5.4) and was 
not different between sexes (ANOVA, F (l ,9) = 0.11, P = 0.752). 
Table 5.4 : Length of daily movements (m) and distance from mother (m) for juvenile North 
American porcupines followed in Parc National du Bic, Québec, May to August, 2003-2004. 
Means (± SE) for the population (calculated from individual means) are given by month and 
for the study period. The range of individual means and the sample sizes (number of 
individuals, number of observations) are also given 
May June July August Overall 
Daily movements 
Mean ± SE 9±3 36 ± 5 61 ± 12 57 ± 14 42 ± 6 
Range 3-24 8-63 31-113 30-97 7-86 
N 7, 13 12, 146 8, 125 4, 35 14, 319 
Distance to the mother 
Mean ± SE 15 ± 9 99 ± 19 171 ± 52 135 ± 125 96 ± 21 
Range 5-33 24-201 48-380 7-384 24-236 
N 3, 5 10,60 6, 39 3, 14 II , 118 
Survival 
Nine of the 10 observed deaths were due to predation and onejuvenile died of unknown 
cause. The youngest juvenile to die was 22 days-old but one juvenile was still alive after 101 
days (Table 5.3). Habitat use at the microhabitat and local scales influenced survival of 
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juveniles. At the microhabitat scale, the type ofhiding site (den, ground, or tree) and the 
amount of protective coyer significantly influenced sUl·vival (Table 5.5). For a given location, 
use of si tes with high protective coyer enhanced survival (a 10% increase in the mean 
protective coyer used was associated with a 66% decrease in death probability, Table 5.5). 
Also, when taking into account the protective coyer used, use of trees enhanced survival 
compared to use of ground locations (8% decrease in death probability, Table 5.5). 
At the local scale, use of sites with higher shmb coyer significantly increased survival 
(Table 5.5) when percentages oftree and herb coyer were taken into account. According to 
the hazard ratio, a 10% increase in mean shrub coyer used was associated with a 74% 
decrease in death probability. Also, when taking tree and shrub coyer into account, use of 
sites with higher herb coyer decreased survival (78% increase in death probability, Table 5.5) 
although this effect was not statistically significant. Finally we found no effect ofsex (X21 = 
0.30, P = 0.586) , mass on 10 June (li = 0.0 1, P = 0 .915), mobility (X21 = 1.94, P = 0.163), or 
distance to the mother (l i = 0.32, P = 0.570) on survival. 
Table 5.5 : Coefficients for the survival analyses for 14 juvenile North American porcupines 
studied in Parc National du Bic, Québec, May to August, 2003-2004 
Variable ê value SE j P Hazard ratio "t,.-
M icrohabitat sca le 
Protecti ve coyer - 1.072 0.478 5.03 0.025 0.34 ( 10%) 
Location 
Ground 0 ND ND ND reference category 
Den -0.026 0.030 0.75 0.388 0.97 
Tree -0.089 0.037 5.89 0.015 0.92 
Local scale 
Tree coyer -0.2 13 0 .272 0.61 0.433 0.81 (10%) 
Shrub coyer -1.338 0.534 6.29 0.012 0.26 (10%) 
Herb coyer 0.579 0.312 3.44 0.064 1.78 (10%) 
5.5. Discussion 
Juvenile porcupines showed selection for high protective coyer at the microhabitat (1m) 
scale only. At the local (15 m) scale, juveniles selected sites characterized by a low herb 
coyer and with cedar as dominant tree species . The use of coyer decreased as juveniles grew 
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older and was dependent on meteorological conditions. PaIiicularly, juveniles used dens to 
avoid low air tempe rature and rain . Outside of the den, juveniles used more open habitats 
after it had rained. The main cause of mOliality was predation and habitat use, both at the 
microhabitat and at the local scales, influenced survival. At the microhabitat scale, use of 
protective coyer and use of trees compared to use of the ground enhanced survival, whereas 
at the local scale, use of sites with high shrub coyer enhanced survival. We did not detect any 
effect ofsex, body mass, mobility, and distance to the mother on survival ofjuveniles. We 
now discuss these findings in order to evaluate our three original predictions. 
Habitat selection 
We predicted selection for coyer to occur at both the microhabitat and local scales 
(prediction 1) because juvenile porcupines were found by Sweitzer and Berger (1992) to 
avoid open areas in presence of predators, and because predation risk was high in our system 
(chap. 3). Our study animais selected microhabitats with high protective coyer within habitat 
patches showing low herb coyer and dominated by cedar trees. We could not detect selection 
for high tree or shrub coyer (at the local scale), even though stands with low herb coyer were 
typically dense in our study area, as illustrated by the negative relationship we found between 
tree and herb coyer. We suggest some selection for coyer occurred at the scale of the stand 
(not investigated in this study) because we always located juveniles in forested environments, 
while our study area was fragmented by open fields that were used by adult porcupines for 
feeding (Morin et al. 2005). Open areas therefore constituted exploitable areas for adults but 
were not used by juveniles. 
Our results support the hypothesis that predator avoidance was the main factor driving 
habitat selection at the two scales studied. Indeed, use of covered microhabitats is likely to 
decrease probability of detection by predators (Mysterud & Ostbye 1999) while use of areas 
with low herb coyer should reduce likelihood of encountering predators since herb coyer in 
forested environments is mainly associated with open or edge habitats, that are easily 
accessible to predators (Bider 1968, Andren & Angelstam 1988). We found no evidence that 
juveniles selected their microhabitat so as to increase access to radiative gain (i.e. they did 
not select open microhabitats) . Covered microhabitats that were selected by juveniles were 
characterized by low air temperatures and low wind speeds. Besides providing protection 
from predators, covered microhabitats therefore provided protection against high winds. 
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However, we think protection from wind was not the main factor driving selection of covered 
microhabitats by juveniles because selection for coyer did not vary according to wind 
conditions (see below). 
Effec ts ofmeteorological conditions on the use of cover 
ln summer, use of co ver by animais usually results in a lower access to incoming 
radiation and thus to exposure to lower temperatures (Cook et al. 1998). Our results 
confirmed this pattern since air temperature was negatively correlated with protective cover 
at a given site. As predation was expected to drive habitat selection by juvenile porcupines, 
we predictedjuvenile porcupines would use open environments only under cold conditions 
(prediction 2). We found that animais increased their use of dens when temperature decreased 
and when rain intensity increased. It was not surprising that juveniles used their den when 
rain intensity increased because a wet coat provides a poor insulation against cold 
temperatures (Kreith & Black 1980) so porcupines used dens to avoid wetting their coat. 
However, the fact that juveniles used dens under co Id tempe rature conditions does not 
support our prediction that juveniles should use open areas on co Id days to maximize 
radiative heat gain. We trust juveniles were able to warm up their dens when using them so 
that dens constituted unique covered microhabitats that provided shelter against co Id 
temperatures, rain, and predators. Juveniles therefore did not face a trade-off between use of 
coyer and thennal exposure, but rather faced a trade-off between use of den and non-den 
microhabitats. Dens provided hiding coyer and protection against harsh weather conditions 
but no foraging Oppo11unities. As energy needs of juveniles increased (i.e. as their body mass 
increased with Julian date), porcupines decreased their use of dens, possibly to increase the 
time spent foraging. An alternate (non-exclusive) hypothesis would be that juveniles 
decreased use oftheir dens because the thermal environment became more favourable or 
because animais were able to thennoregulate better as the season advanced. 
Wind also influenced the use of dens with juveniles being increasingly outside of their 
den as wind speed increased. Biting insects are less abundant inside than outside dens 
(Comtois & Berteaux 2005) so that juveniles may weil use dens on calm (i.e . non windy) 
days to avoid biting flies when insect harassment is high (i .e. when there is no wind) . Outside 
of the den , we found no effect of air temperature on the use of coyer (at the microhabitat 
scale). However, juveniles used open microhabitats more often with increasing past rain 
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intensity, potentially to avoid wetting their coat with raindrops left on vegetation by the rain. 
The fact that juveniles didn't modify the use of coyer outside of the den with changing 
temperature conditions suggests that coyer outside of the den was rather used as a hiding 
co ver, with juveniles retreating to dens wh en temperature decreased. 
Habitat use and survival 
Predation was the main cause of mortality in juvenile porcupines . Several predators hunt 
and kill porcupines more effectively in open habitats (coyotes : Keller 1935, mountain lions: 
Robinette et al. 1959, fishers: Powell & Brander 1977) and porcupines perceive open habitats 
as risky habitats (Sweitzer & Berger 1992). Consistent with the hypothesis that open habitats 
are more risky, we found that use of coyer (both at the microhabitat and local scales) 
enhanced survival. There were individual differences in the use of coyer and juveniles 
survived better when using habitat patches with high shrub coyer and, within those patch es, 
when using microhabitats with high protective coyer. Numerous studies have reported that 
ungulate fawns bed down in dense ground coyer (review in Mysterud & Ostbye 1999) but 
only a few studies have related habitat use to survival (Linnell et al. 1995, Aanes & Andersen 
1996, Canon & Bryant 1997, Farrner et al. 2006). ln addition , studies on rodents (Moreno et 
al. 1996, Schooley et al. 1996, Ebensperger & Hurtado 2005) suggested that coyer may be 
obstructive rather than protective for small mammals. Here we exploited a multivariate and 
hierarchical analysis of habitat use by juvenile porcupines to show that use of coyer at both 
scales studied enhanced survival of one small-bodied animal. Use of coyer indeed has diverse 
ecological consequences depending probably partly on the size of the study animal, and on 
the limiting factors with which it is faced (Mysterud & Ostbye 1999). 
Besides individual differences in the use of coyer, we also found individual differences in 
the use of dens, ground and trees . Juveniles survived better when using trees than when using 
ground. We suggest that juveniles were more vulnerable to predators when they were on the 
ground th an when they were in trees. Use oftrees prevents attack by sorne predators (e.g. 
coyotes) but not from others (e.g. fishers, Powell & Brander 1977). According to the few 
signs of presence we found , fishers appeared to be the main predators of juvenile porcupines 
during the study period (results not shown) and the use of trees is therefore not expected to 
decrease risk of attack. However, use of trees may have decreased detectability by fishers , 
therefore leading to higher survival of juveniles. Our third prediction was suppOlted because 
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we found that most mortalities were due to predation and that use of coyer enhanced survival. 
Predation was therefore the main factor limiting survival of juveniles in our popul ation, as 
supported by the evidence that habitat selection headed towards predator avoidance , even at 
fine scales of selection. 
Sex, body mass, mobility, distance ta the mother, and survival 
Juveniles were not sexually dimorphic and we found no effect ofsex or body mass on 
survival. Because predation was the main limiting factor in our population, we would expect 
increased body mass to enhance survival if larger (i.e . older) animaIs were less vulnerable to 
predators as in several other mammal species (white-tailed deer: Nelson & Woolf 1987, 
pronghorns: Fairbanks 1993). Even though males were not heavier than females, sex could 
also have intluenced survival because of sex-differences in behaviour (Webb 1993). We 
observed juvenile porcupines to stay still when approached, whatever their size and sex. 
Males and heavier (older) juveniles did not show higher escape speed or aggressiveness 
compared to other juveniles (G.M. personal observation). Therefore, it is not surprising they 
did not survive better. 
We also found no effect of mobility on survival of juveniles. Juveniles are often argued 
to suffer high predation risk during dispersal because of greater activity rates, lower 
familiarity with new habitats, or use of lower-quality habitats (Gaines & McClenaghan 1980, 
Yoder et al. 2004). We expected more active individuals to show decreased survival because 
of higher exposure to predation risk. As stated before, juvenile porcupines perfonned mainly 
small movements «20 m) on a daily basis. However, porcupines were sometimes observed 
to move longer distances (up to 500 m) that could have exposed them to the same risks as 
dispersing animaIs . However, in "hider" species, mothers initiate the changes in location and 
accompany their young during long moves (Lent 1974). They also ce11ainly intluenced the 
choice of the immigration area, even though the exact location of the new hiding site depends 
upon the infant (Lent 1974). One previous study (Stuart-Smith & Boutin 1995) investigated 
whether movements made by juvenile red squirrels (Tamiasciurus hudsonicus) before 
weaning (i.e. wh en they were still dependent on mother for food) intluenced survival. This 
work found no effect of total movements on survival but found that individuals that spend 
relative ly more time offtheir natal territory were more likely to be depredated. We suggest 
that the presence of the mother in the vicinity of the juvenile and, for porcupines, the 
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possibility that mothers were choosing the stand to leave their young, largely reduced most of 
the risks usually associated with movements in dispersingjuveniles. 
Finally, we found no effect of the distance betweenjuvenile and mother on survival of 
the juvenile. Females from several hiding species have been shown to reduce their home 
range during rearing of their young (Fisher & Goldizen 200 l , Ciuti et al. 2006). This may 
allow females to feed their young more regularly and, in some species, to alert the young of 
approaching danger (gazelles: Fitzgibbon 1993, roe deer: Aanes & Andersen 1996). We 
never observed mothers to wam their young or to protect them in any manner when we 
approached or captured juvenile porcupines. Still, females remained fairly close to their 
young, especially in their first weeks of li fe and we trust this could have enhanced juveniles 
survival if predation pressure had not been so high (chap. 3). 
The fact that we found no effect of sex, body mass, mobility, or distance to the mother on 
survival ofjuveni les may altematively be due to a lack ofstatistical power in our analyses . 
Because hidingjuveniles are hard to find , we collected data on 14 juveniles only. However, 
we found clear effects of individual differences in habitat use on survival. This suggests that 
fitness consequences of habitat use were strong in our population and demonstrates the 
importance of comparing habitat use with measures of fitness to evaluate habitat suitability 
for a given species. 
Chapitre 6 Conclusion 
Dans le cadre de ma thèse, j 'ai abordé différents aspects associés aux effets du climat et 
de la prédation sur le comportement et la survie des indi vidus (Fig. 6.1), dans le but de 
comprendre les mécanismes par lesquels le climat et les prédateurs influencent la taille des 
populations. Je me suis d'abord intéressée aux variations de survie observées au cours du 
temps, et ai tenté de mettre en évidence les facteurs à l'origine de ces variations (chap. 3, Fig. 
6.1). Ensuite, l'étude détaillée du comportement des individus m'a permis de démontrer 
l' effet de certaines variables environnementales (i.e. conditions météorologiques, risque de 
prédation) sur l ' utilisation de l'habitat et les patrons d'activité des animaux (chap. 4 et 5, Fig. 
6.1). J'ai finalement examiné les effets de l' utilisation de l'habitat sur la survie afin d'évaluer 
comment les différences individuelles d'utilisation de l'habitat peuvent moduler les effets des 
facteurs climatiques et des prédateurs sur la survie (chap. 4 et 5, Fig. 6.1). Ce travail repose 
sur un suivi fin de la survie et du comportement des individus, et j 'ai également détaillé les 
méthodes nécessaires à un tel suivi (chap. 2). 
Climat 
Survie 
Figure 6.1 : Schéma récapitulatif des principaux sujets traités dans la thèse. On s'est 
intéressé aux effets du climat et de la prédation sur la survie, aux effets du climat et de la 
prédation sur [' utilisation de l'habitat, et aux conséquences des différences individuelles 
d'utilisation de ['habitat sur la survie. 
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Méthodes mises en p lace pour le suivi individuel 
Le porc-épic d 'Amérique est un animal essentiellement arboricole, qui est di ffic ile à 
localiser dans la canopée dense des forêts mixtes ou conifèriennes (Hale & Fuller 1999). Une 
fois loca li sé, le porc-épic est également difficile à capturer, notamment lorsqu' il utili se des 
arbres ou des tanières rocheuses profondes. Sans doute à cause de ces difficultés, peu 
d ' études se sont intéressées aux facteurs influençant la démographie de cet herbivore, qui 
peut pourtant atteindre de fortes abondances, et jouer un rôle important dans certa ins 
écosystèmes (Curti s 1941 , Curtis 1944). Le centre de notre aire d 'étude est occupé par des 
champs que les porcs-épics utilisent pour se nourrir au cours de l'été, et où ils sont facilement 
capturables . Cette particularité a permis de mettre en place un suivi détaillé de la population 
basé sur la recherche systématique de porcs-épies autour des champs pendant l'été. 
Au cours des sept années de suivi , nous avons amélioré les méthodes de captu re 
existantes pour les rendre plus efficaces (e.g. capture par épuisette) , et développé de 
nouve lles méthodes de capture qui s'adaptent à toutes les situations (e.g. pose de trappes sur 
le tronc des arbres) . Nous avons d 'autre palt raffiné le système de marquage des indi vidus par 
boucles d 'oreilles afin de le rendre plus durable, et donc de limiter les pertes d ' identité 
(Griesemer et al. 1999). Aucune méthode n 'ayant été décrite pour chercher les j eunes porcs-
épics et les éq uiper de colliers émetteurs, nous avons mis au point des techniques pour 
trouver les jeunes et détenniner leur taux de survie, élément nécessaire à toute étude 
démographique. Finalement, nous avons développé une méthode pour poser des colli ers 
émetteurs en minimisant les blessures au cou des individus, blessures qui peuvent être 
parti culièrement sévères si les colliers sont posés sur le long tenne, ou en hiver (à eause du 
fro id qui rend le plastique du collier très rigide et donc blessant). 
Grâce aux techniques développées, nous avons pu récolter des données individuelles 
précises que je mets à contribution dans le reste de mon doctorat. Notamment, nous décrivons 
le déclin d ' abondance de la population d'étude au cours du temps. Le suivi mis en place étant 
assez intens if (en moyenne, chaque animal était recapturé une fois tous les deux mois) on 
peut se demander si le déc lin d 'abondance observé pourrait être dû à un dérangement des 
animaux. La plupalt des captures avaient li eu au cours de l'été (entre Mai et Août) lorsque les 
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porcs-épics fréquentent les champs pour s'y alimenter. Or, nous montrons au chapitre 3 que 
l ' hiver constitue la période la plus cri tique pour la survie des pors-épics et que la diminution 
de la survie en hiver paraî t liée à une augmentation de la prédation les années de fOltes 
préc ipi tations hivernales . Le déclin d ' abondance observé ne semble donc pas dû à un 
dérangement occasionné par les captures estivales. Le fa it que la densité de porcs-épics ait 
également grandement diminué dans les autres secteurs du Parc National du B ic (où aucun 
suivi n ' était effectué), confirme que le suivi mis en place n 'avait pas d 'effet important sur la 
dynamique de la population d 'étude. Nous espérons que les méthodes que nous décri vons 
pourront être mises à profit par d 'autres chercheurs qui étudient les porcs-épics ou d 'autres 
animaux à piquants. 
Abondance, survie, etfacteurs influençant la survie 
Le climat influence la dynamique des populations de mammifères (Krebs & Berteaux 
2006). Il peut avo ir des effets directs sur les espèces mais aussi modifier la nature des 
interactions entre espèces (Dav is et al. 1998, Post et al. 1999b, Wilmers & Post 2006). 
Klvana et al. (2004) génèrent l ' hypothèse que l ' abo~dance des populations de porcs-épics 
dans la région du Bas-St-Laurent est influencée par les variations d 'acti vité so laire, via un 
impact sur certaines vari ables météorologiques locales. 
Dans le cadre de mon doctorat, j 'a i uti lisé une population de porcs-épics de la région du 
Bas-St-Laurent pour mettre à l'épreuve l' hypothèse générée par l' étude de Kl vana et al. 
(2004) et identifier le(s) mécanisme(s) par lesquel(s) l'acti vité so laire influence l' abondance 
de porcs-épics. Notre étude confinne l'ex istence d ' un lien entre les vari ations d 'activité 
so laire et le taux d 'accroissement de la population. D 'après nos résultats, la radiation solaire 
pourrait affecter l'abondance de porcs-épics par des effets en cascades sur les précipitations 
hivernales , les taux de survie des porcs-épics en hiver, et le niveau de prédation par le pékan. 
On identifie en effet une corrélation négative entre la radiation solaire et le niveau de 
préc ipitations hivernales, qui sont elles-mêmes reliées aux variations de la survie hi vernale. 
Chez les espèces longévives, le taux de survie des adultes est en général le paramètre 
démographi que qui influence le plus fO ltement le taux d 'accroissement de la popul ation 
(Gai ll ard et a l. 2000, Saether & Bakke 2000, Eberhardt 2002). Dans notre population, la 
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survie des adultes est variable d ' un hiver à l'autre, et la diminut ion du taux de survie des 
adultes est celtainement responsable, au moins en paltie, du déclin d 'abondance observé (de 
11 7 ind ividus en 2000 à 1 individu en 2006). On observe également une variati on de la surv ie 
des j uvéniles d ' un hi ver à l' autre. Les taux de survie en hiver sont pl us bas et plus variables 
que les taux de survie en été, pour les deux classes d 'âge considérées. On identifie donc 
l ' hive r comm e la période de l'année étant la plus critique pour le porc-épic, et la réduction 
marquée de la taille de notre population illustre les conséquences sévères que peuvent 
engendrer des variati ons de la survie adulte chez les espèces longévives . 
Concernant les mécanismes par lesquels les préc ipitations hivernales influencent les taux 
de survie, on constate que la diminution de survie en hiver est concomitante avec une 
augmentation du pourcentage de mortalités dues à la prédation. Face à ce constat, on peut 
envisager deux poss ibilités: d ' une part, l'augmentation des taux de prédation les années de 
fortes préc ipitations hiverna les pourra it être un simple hasard. Le pékan est en augmentation 
dans l'est du Québec depuis le milieu des années 1990 (Poulin et al. 2006) et son retour dans 
le parc du Bic semble dater du début de l'année 1999 (A. Pelletier, Ministère des Ressources 
Nature lles et de la Faune, communicat ion personnell e). On pourrait donc supposer que 
l' augmentati on des taux de prédation que l'on observe en 2003 et 2004 soit due à une simple 
augmentation du nombre des prédateurs qui , par hasard , aurait eu lieu pendant les années de 
fOltes préc ipi tations hivernales (hypothèse 1). D 'autre part, la probabilité de prédat ion 
pourrait effectivement être liée au niveau de précipitations hivernales (hypothèse 2). La 
prédation sur les porcs-épics adultes semble liée à la présence de neige au sol puisque 95% 
des adul tes qui meurent par prédation, meurent pendant la période de l'hiver où de la neige 
recouvre le so l. D 'après nos connaissances de la bio logie du porc-épic et du pékan, les 
prédateurs pourraient changer leur comportement de chasse et/ou les porcs-épics pourra ient 
devenir plus vulnérables à la prédation en fonction des conditions de neige. Pui sque nous 
n 'avons pas effectué de dénombrements du nombre de prédateurs, et puisque notre nombre 
d ' années d ' étude est assez réduit, nous ne pouvons pas complètement écarter la première 
hypothèse. Cependant, K lvana et al. (2004) montrent l 'existence d 'un lien persistant entre le 
niveau de préc ipitations hive rnales et l'abondance des populations de porcs-épics dans la 
région. Les résultats de notre étude, en conjonction avec les résultats de Kl vana et al. (2004), 
viennent donc confinner la poss ibilité d ' un effet du cl imat hivernal sur l'abondance de porcs-
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épies , via un impact des conditions de neige sur les probabilités de prédation, et donc sur la 
survie au cours de l'hiver (hypothèse 2). 
Si cette deuxième hypothèse est vraie, les fluctuations d'abondance de porcs-épies 
seraient donc liées à la présence de prédateurs dans le système. Hors, nous avons déjà dit que 
l'abondance de pékans était actuellement en augmentation dans le Bas-St-Laurent après 
plusieurs années de faible abondance (Poulin et al. 2006). Dans ce contexte, l ' hypothèse d ' un 
effet des prédateurs sur la survie hivernale des porcs-épies semble contradicto ire avec le 
cycle régulier et continu trouvé par Klvana et al. (2004) dans l'abondance des porcs-épies 
entre 1868 et 2000. En fait, je pense qu'il n 'y a pas de contradiction entre ces deux résultats . 
Mon interprétation est que la survie hivernale des porcs-épies est de toutes manières liée aux 
conditions météorologiques hivernales, mais que les causes de mortalité changent selon que 
les prédateurs soient présents en quantité importante ou non. En absence de prédateurs, les 
animaux meurent par inanition les années de fort enneigement (à cause du coüt élevé des 
déplacements et d'une accessibi lité réduite à la nourriture) alors que lorsque les prédateurs 
sont présents, les animaux meurent par inanition ou par prédation, avec des taux de prédation 
plus élevés les années de fort enneigement. 
Ce travail de doctorat identifie un mécanisme possible (i.e. variation des probabilités de 
prédation en fonction des conditions de neige) par lequel les conditions météorologiques 
influencent la taille des populations. On va donc une étape plus loin que la plupart des études 
s'intéressant aux effets du climat sur la dynamique des populations (Krebs & Berteaux 2006). 
Dans un contexte plus g lobal, notre étude vient également ajouter aux quelques travaux 
montrant un effet possibl e du climat sur les relations prédateurs-proies . À ma connaissance, 
plusieurs études se sont intéressées aux effets des conditions de neige sur le succès de 
prédation du loup (Canis lupus) sur des herbivores de grande taille (e.g. orignal (Post et al. 
1999b, Wilmers et al. 2006), cerf (Hebblewhite et al. 2002)) et une étude récente montre que 
l' impact des araignées sur les taux de décomposition de la litière feuillue est dépendant du 
niveau de précipitations (Lensing & Wise 2006) . Notre étude suggère un effet des conditions 
de neige sur les interactions entre pékans et porcs-épies. C'est donc encore une fo is un effet 
des précipitations qui est mis en avant, mais sur des mammifères de taille moyenne. Notre 
étude appuie donc l' hypothèse d ' un effet du climat sur les relations prédateurs-proies, en 
l'étendant à de nouvelles espèces de mammifère. Ainsi , elle sou ligne l' importance de 
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comprendre comment les interactions entre espèces varient en fonction des conditions 
météorologiques pour modéliser et comprendre le plus rigoureusement possible la réponse 
des communautés aux changements climatiques (Schmitz 2003). 
Pour confinner que les probabilités de prédation sont bien liées aux conditions de neige, 
une perspective de recherche serait de comparer nos résultats avec des résultats obtenus dans 
d'autres populations soumises à des conditions climatiques différentes. Par exemple, la 
population de porcs-épics suivie par Uldis Roze, et située au Nord-Ouest de la ville de New 
York, a connu une réintroduction du pékan au début des années 1990s après plusieurs années 
d 'absence. Suite au retour du pékan, la population a subi un déclin marqué d' abondance avec 
une perte d 'environ 90% des individus en 17 ans (Uldis Roze, New York Queens College, 
communication personnelle). Il serait intéressant d'évaluer si le déclin plus marqué et plus 
rapide que l' on observe dans notre population pourrait être dû à des différences de conditions 
de neige entre les deux sites d'études qui rendraient les porcs-épics du Bas-St-Laurent plus 
vulnérables à la prédation que les porcs-épics plus au sud . 
Effets des variations environnementales sur l'utilisation de l 'habitat 
Les variations spatiales et temporelles des conditions météorologiques (Wiersma & 
Piersma 1994, Brotons et al. 2000, Humphries et al. 2005) et du risque de prédation (Lima & 
Dili 1990, Brown 1999, Beaudoin et al. 2004, Creel et al. 2005) peuvent influencer 
l' utili sat ion de l ' habitat et le patron d 'activité des animaux. Les taux de prédation étaient 
relativement élevés pendant notre étude et apparemment liés aux conditions de neige pendant 
l ' hiver (chap. 3). D'autre part, les conditions thenniques constituent une contrainte 
potentielle pour les porcs-épics pendant l ' hiver (quand les températures sont beaucoup plus 
basses que la température critique inférieure des porcs-épics), ainsi qu'en début d'été pour les 
jeunes dont le système de thennorégulation est encore immature (Hull 1973, Leon 1986). Les 
contraintes dues à l'environnement thermique et à la prédation étaient donc substantielles 
pendant notre étude, et nous avons examiné l' influence de ces contraintes sur l' utili sation de 
l' habitat par les animaux. En particulier, nous nous sommes intéressés à l' utili sation de 
l ' habitat des adultes au cours de l ' hiver et des jeunes au cours du premier été de vie . 
II I 
Hiver 
E n hi ver, on montre que la tanière est le microhabitat offrant la me illeure p rotection 
contre les températures froides et que les animaux modi fie nt leur patron d ' utili sati on de la 
tanière en fonction de la température . L'enfoncement dans la neige, qui est possiblement re li é 
au risque de prédation, influence éga lement le patron d 'activité des animaux. Les animaux 
réduisent le temps passé dehors et augmentent leur acti vité diurne quand la température 
ba isse et quand l'enfoncem ent dans la ne ige augmente. Les an imaux semblent donc utili ser 
leur tanière à la fo is cOlmne un refuge contre le fro id mais auss i comme un refuge contre les 
prédate urs . Mon trava il de doctorat démontre que les tanières offrent effecti vement un abri 
contre les températures basses, et il a été plusieurs fo is suggéré que les porcs-épi es peuvent 
éga lement les util iser pour se soustraire aux prédateurs (Roze 1989, Griesemer et a l. 1996, 
Comto is & Bel1eaux 2005). Les porcs-épies ne semblent donc pas avo ir de compromis à fa ire 
entre protection contre le fro id et protection contre les prédateurs au cours de l' hi ver. Par 
contre, les animaux devant sortir pour s ' alimenter, il s font face à un compromi s entre 
recherche de nourriture et protection contre le froid et les prédateurs. O n montre qu ' il s y 
réponden t en réduisant le temps passé dehors et en augmentant l' intensité de l 'a limentati on 
quand il fa it fro id . On montre également que les animaux ne choisissent pas leurs sites 
d ' a limentation en fo nction de la température (i.e. ils n ' util isent pas les mi crohabitats offrant 
la meilleure protection thennique pour manger et ne modifient pas leur util isation des 
microhabitats extéri eurs en fonction de la température) . L ' hypothèse la plus probable est 
qu ' ils chois issent les sites offrant la nourriture la plus digestible poss ible, que lque so ient les 
condi tions de température. Auss i, les animaux pourraient s'alimenter dans les sites où le 
ri sque de prédation est le plus fa ible (par exemple si les porcs-épies sont mo ins faci lement 
détectables pa r les prédateurs si ils sont au sommet d ' un arbre). Le comportement des 
animaux pendant l' hiver semble donc être influencé à la fois par les contra intes thermiques, 
le risque de prédation, et l'acqui sit ion de nourriture . 
Nous avons montré que la tanière semble être utili sée cOlmne protection contre les 
prédateurs. Cependant, il n 'a jamais été prouvé que les tanières offrent effecti vement une 
te ll e protect ion. Afi n d ' établir si les tanières sont ut ili sées pour se soustra ire aux prédateurs, 
une perspective de recherche serait de déterminer comment les animaux utili sent leur tanière 
en réponse à une augmentat ion expérimenta le du ri sque de prédation en dehors de la période 
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hivernale. Les tanières pouvant également constituer un refuge contre les insectes piqueurs 
(Comtois & Berteaux 2005), on pourrait utili ser des urines de prédateurs pour manipu ler le 
ri sque de prédation perçu (Sweitzer & Berger 1992) au cours du printemps ou de l'automne 
quand ni l'environnement thermique ni les insectes ne constituent une contrainte pour les 
porcs-épies. D 'autre part, comme la tanière semble être le meilleur habitat pour se protéger à 
la fo is du fro id et des prédateurs il nous est difficile de di scerner les effets de l' un et l'autre 
fac teur sur le comportement des animaux (i.e. les hypothèses permettant d 'expliquer le patron 
d ' utili sation des tanières ne sont pas mutuellement exclusives). Une perspecti ve dans ce 
domaine sera it de réchauffer expéri ementalement celtaines tanières afin d 'évaluer s i ces 
tanières sont plus utili sées (nombre de porcs-épies présents dans la tanière) ou plus longtemps 
utili sées (temps passé dans la tanière) que les tanières contrôles. F inalement, pour préciser 
l'importance des contraintes liées à l'acqui sition de nourriture, une perspective serait de 
déterminer s i la digestibilité des ramilles d 'épinette est liée à leur positi on dans l'arbre (e .g. 
les ramilles s ituées en haut des arbres, c'est à dire où s'alimentent les porcs-épies, sont-elles 
plus digestibles que ce lles situées en bas des arbres ?). Ces recherches permettraient de 
préc iser l' importance relati ve des contraintes liées au climat, à la prédation, et à la recherche 
de nourriture, sur le comportement des animaux pendant l ' hi ver. 
Été 
En été, on montre que les j eunes porcs-épies utili sent des microhabitats offrant un fo rt 
couvert protecteur, même si la température ambiante y est plus basse. Les animaux 
augmentent leur utili sation des tanières quand les températures sont basses et quand il pleut 
mais l' utili sati on du couvert à l'extérieur des tanières n 'est pas influencée par les condi tions 
thermiques. Même en été où le ga in d 'énergie par radiation sola ire est potentiellement 
important (Demarchi & Bunne ll 1993), et où l' utili sation d ' habitats ouverts peut donc être 
bénéfique pour des jeunes sensibles à l ' hypothermie, la tanière semble consti tuer un habitat 
couvert paliiculier que les animaux util isent comme refuge contre les conditions climatiques 
les plus sévères. Quand les conditions sont plus clémentes, les j eunes sortent des tanières 
mais utilisent un couvert végétati f dense, probablement pour se protéger des prédateurs. 
Comme en hi ver, et en désaccord avec nos prédictions basées sur l' impOliance du ga in 
d ' énergie par radiation so laire pendant l'été, les tanières représentent donc un refuge à la fo is 
contre les prédateurs et contre les conditions climatiques défavorables. Là encore, le 
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compromis auquel les animaux font face est de devoir quitter la tanière pour chercher de la 
nourriture. On constate que les jeunes diminuent leur utili sation des tanières et du couvert à 
l' extéri eur de la tanière au cours de la saison . Une hypothèse (pour les tanières) est qu ' ils 
quittent davantage les tanières quand leurs besoins énergétiques augmentent et que leur 
capacité de thermorégulation s'améliore. Pour le couvert à l'extéri eur de la tanière, on 
pourrait supposer que les j eunes diminuent son utilisati on lorsqu ' il s deviennent, en 
grandi ssant, moins vulnérables aux prédateurs. Cependant, l ' analyse de la survie des 
individus n ' indique pas que les an imaux plus âgés soient moins vulnérables à la prédation. 
Une hypothèse serait que les j eunes lorsqu ' ils grandissent deviennent plus autonomes dans le 
choix des sites utili sés, et qu ' il s cho is issent des sites moins couverts que ceux où leurs mères 
les cachaient au début de leur vie. 
Au cours de mon doctorat, j 'ai évalué l' utili sation de l' habitat à des échelles temporelles 
et spati ales très fines. Ceci a permis de mettre en évidence des changements subtils dans le 
comportement des animaux en réponse aux variations environnementales auxquelles il s sont 
exposés. Pour des animaux qui se déplacent peu, comme les j eunes porcs-épics pendant leur 
premier été (chap. 5) ou les adultes au cours de l' hiver (Roze 1984), la sélecti on de l' habitat 
se fa it à une éche lle très fin e. Une étude faite à l'échelle du domaine vital par exemple (3ème 
ordre de sé lection, Johnson 1980) de l' utili sation de l' habitat n 'aurait sans doute pas permis 
de déceler de telles vari ations comportementales chez les animaux. On montre que, à la fo is 
les conditions météorologiques et le ri sque de prédation , semblent influencer le 
comportement des animaux. Étant donné que certains habitats offrent une protection à la fo is 
contre le froid et les prédateurs, il nous est difficile d ' interpréter de manière sûre le 
comportement des animaux. En fait, le climat et la prédation pouvant tous deux exercer de 
fOlies contraintes sur le comportement des animaux, avec des conséquences sur la survie et le 
succès reproducteur des individus (e.g. Sealander 1952, Hik 1995, Dawson et al. 2005), il est 
fOli probable que les deux facteurs interagissent pour influencer l' utili sation de l' habitat et le 
patron d 'activité des animaux. 
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Différences individuelles d 'utilisation de l 'habitat et conséquences sur la survie 
La qua lité de l' habitat qu ' un animal utilise peut potentiellement influencer sa survie et 
son succès reproducteur (McLoughlin et al. 2005, Pettorelli et al. 2005 , McLoughlin et al. 
2006). En conséquence, des di fférences individuelles dans l ' utili sation de l' habitat peuvent se 
traduire par des di ffé rences de survie entre individus. En identifi ant les principales causes de 
morta lité dans notre population, et en examinant quels patrons d ' utili sation de l' habitat 
amélioraient la survie individuelle, on a mis en évidence les caractéri stiques de l' habitat qui 
pouvaient servir à moduler les effets négati fs des différentes variables environnementales 
(prédation et exposit ion au froid). 
En hiver, la prédation et l' inanition sont les deux principales causes de mortali té dans 
notre population . On identifie des di fférences individuelles dans le patron d 'acti vité des 
animaux, avec certaines conséquences sur la survie. En effet, les animaux fa isant le plus de 
so tt ies par jour sont ceux qui survivent le moins bien, sans doute car il s passent plus de temps 
au sol (lorsqu ' il s voyagent entre la tanière et les arbres d 'alimentation) où ils sont fac ilement 
détectables et vulnérables aux prédateurs. Réduire le nombre de sotties par jour semble donc 
un moyen efficace de limiter la probabilité de prédation. Cependant, étant donné que les 
porcs-épics épuisent leurs réserves de grai sse tôt dans l' hiver (Sweitzer & Berger 1993), et 
qu ' il s n 'accumul ent pas de réserves de nourriture dans leur tanière, il s sortent au moins une 
fo is chaque jour pour s ' alimenter (chap. 4). On ne trouve pas d 'effet des autres diffé rences 
individuelles dans les patrons d 'acti vité sur la survie. Par exempl e, un animal qui passe plus 
de temps dehors ne survit pas nécessairement mieux qu ' un autre. Il est poss ible que les 
di ffé rences individuelles dans le temps passé dehors, par exemple, aient des effets plus subtil s 
que des effets directs sur la survie. Ainsi, une femelle passant plus de temps dehors qu ' une 
autre va peut être maintenir une meilleure condition corporell e au cours de l' hi ver, ce qui 
pourra influencer son succès reproducteur l'été suivant. Notre protocole de sui vi ne permet 
pas de mettre en évidence ces poss ibles différences, notamment car il est diffi cile de 
connaître le statut reproducteur d ' une fe melle de manière süre et de trouver les j eunes pour 
déterminer le succès reproducteur (chap. 2). On arri ve cependant à mettre en évidence les 
effets des di fférences individuelles de patron d 'activité sur la survie, et on interprète ces 
di ffé rences de survie comme des différences dans le ri sque de détection par les prédateurs. 
11 5 
En été, la morta lité des j eunes est élevée et la prédation est la cause de presque toutes les 
mortalités. Là encore, les individus di ffè rent dans leur utili sation de l' habitat avec des 
conséquences pour la survie. Les animaux utili sant le plus de couvert protecteur et utili sant le 
moins de loca li sations au sol survivent le mieux, ainsi que ceux utili sant des zones avec le 
plus d 'arbustes. Ici encore, on interprète ces diffé rences de survie comme des di ffé rences 
d 'exposition aux prédateurs. Été comme hiver, la modifi cation des patrons d 'activité et de 
l' utili sation de 1 ' habitat semblent permettre, dans une certaine mesure, de moduler les ri sques 
de prédation. 
Un sui vi détaillé du comportement des animaux nous a pennis de mettre en évidence 
quelles caractéri stiques de l' habitat ou quels patrons d 'acti vi té affectaient la survie des porcs-
épics en présence de prédateurs. Un tel sui vi demande un investi ssement en temps 
considérable et le nombre d ' indi vidus suivis est par conséquent relati vement petit. Malgré 
notre petite taille d 'échantillon, nous montrons des effets importants de l' utilisation de 
1 ' habitat sur la survie, particulièrement pour les jeunes qui sont les plus susceptibles à la 
prédati on. Notre étude met en évidence l' impOliance de comparer l'utilisation de 1 ' habitat 
avec des mesures de survie ou de succès reproducteur des individus afin de définir 
l' importance d ' un habitat ou d ' une caractéri stique d ' habitat pour une espèce donnée 
(Garsheli s 2000). 
Prédation, climat, et réchauffement climatique 
Mon travail de doctorat a permis de mettre en évidence certa ins effets du climat et de la 
prédation sur la survie des individus, avec des conséquences sur la taille des populations. 
Dans un contex te de réchauffe ment climatique, j 'étais particulièrement intéressée à 
comprendre l' importance relati ve du climat et de la prédation sur les changements 
d ' abondance des populations. Bien que le but général de mon doctorat n ' éta it pas de prédire 
l' effet du réchauffement climatique sur les populations de porcs-épics, nous pouvons émettre 
certaines suppos itions à partir des résultats obtenus. 
Mon étude montre que la présence de prédateurs a un effet marqué sur la survie des 
individus et que les conditions de neige peuvent influencer les probabilités de prédation. Les 
modélisations climatiques prévoient une augmentation du niveau de préc ipitation dans la 
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plupart des régions du globe pour le 2 1éme siècle (Houghton et al. 200 1). Dans les régions 
tempérées, les précipitations sous forme de neige devraient par ailleurs diminuer au profit de 
préc ip itat ions sous fo rme de pluie. Ces changements dans la quantité et la fo nne des 
préc ipitations hivernales ont donc le potentiel pour affecter les interactions prédateurs-pro ies , 
via des effets sur les conditions de neige au so l. 
D 'autre part, mon travail montre un effet de l' environnement thermique et des condi tions 
de neige sur les patrons d 'acti vité des animaux au cours de l' hiver. D' après nos résultats, un 
réchauffement des températures hivernales devrait favo ri ser les porcs-épics qui pourraient 
passe r plus de temps dehors à s'a limenter s' il fa it plus doux. Cependant, puisque les animaux 
diminuent le temps passé dehors lorsque l'enfo ncement dans la neige est élevé, les effets 
bénéfiques d ' une hausse des températures pourraient être minimisés ou annulés si 
l' enfoncement dans la neige augmente suite aux changements prévus dans le régime des 
précipitations. En été, le pri nc ipal facteur influençant le compOlt ement et la survie des jeunes 
est la prédation. Le ri sque de prédation ne semblant pas vari er en fo nction des condi tions 
météorologiques au cours de l'été, le réchauffe ment climatique ne devrait pas avo ir d ' impact 
direct marqué sur la survie des j eunes. Par contre, des effets indirects peuvent être envisagés 
par exemple si l 'augmentation des précipitations modi fie la di sponibilité en nourriture 
pendant la croissance des jeunes (A lbon et al. 1987, Langvatn et al. 1996, Post & Stenseth 
1999). 
Une des étapes essentielles pour prédire les conséquences du réchauffe ment climatique 
sur les écosystèmes est de mettre en évidence des relations de cause à effet entre processus 
biologiques et fluctuations climatiques (Belteaux et al. 2006). Notre étude est essenti ellement 
basée sur la mi se en évidence de corrélations entre certa ines vari ables environnementales (i .e. 
conditions c limatiques , r isque de prédation) et le comportement ou la survie des porcs-ép ics. 
Nous ne pouvons donc pas effectuer de prédictions quant à l'effet des variations cli matiques 
sur les populations de porcs-épics. Néanmoins , en identifiant certains mécanismes poss ibles 
par lesquels le climat pourrait agir sur les populations, notre étude pennet de générer des 
hypothèses qui pOUlTaient être testées dans des conditions similaires ou légérement 
différe ntes de ce lles rencontrées pendant notre étude. 
J'a i effectué mes recherches dans un contexte particulier où la press ion de prédation sur 
les porcs-épics était très importante, suite à une augmentation récente de l'abondance du 
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pékan dans la région. On montre un effet marqué de la présence de prédateurs sur la survie et 
le comportement des animaux. On montre aussi les effets de celiains facteurs climatiques, 
mais les effets de la prédation semblent beaucoup plus drastiques que les effets du climat. 
Une perspective de recherche intéressante serait de comparer l' effet du climat mis en 
évidence dans notre population à l'effet du climat dans d 'autres populations où les prédateurs 
seraient soit absents, soit en faible abondance. Alternativement, on pourrait effectuer des 
comparaisons entre populations soumises à des niveaux de prédation similaires d'une 
population à l'autre, mais à des conditions climatiques différentes (le long d ' un gradient 
nord-sud par exemple) . Ceci devrait pennettre de mettre en perspective les résultats appol1és 
par notre étude quant à l'importance relative des effets du climat et de la prédation sur le 
compoliement et la survie des individus, et ainsi d'améliorer les connaissances des effets du 
climat sur la dynamique des populations chez des herbivores de taille moyenne. L'impoliance 
relative des facteurs densité-dépendants et densité-indépendants dans la détermination de 
l' abondance des populations reste en effet un débat d'actualité, et qui reprend toute son 
ampleur dans le contexte actuel de réchauffement cl imatique. 
" .. . the climate change research agenda, when studied at the population level, ties back to the 
old debate on the relative merits of density-independent and density-dependent pro cesses 
being responsible for population fluctuations." (Kaitala & Ranta 2001) . 
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Annexe 1 Description des micro habitats - chapitre 4 
Categori es used when describing microhabitats where we placed North American porcupine 
mounts in Parc National du Bic, Québec, December to March, 2004-2005. We visually 
estimated the vegetative cover present w ithin 1 m of the mount to class ify microhabitats as 
open or covered. 
"Den": mount placed in a rock den usually frequented by porcupines : J to 3 m from the 
entrance, depending on den structure, 
" Ground open": mount placed on the ground, <25% of vegetative co ver, 
"Ground co vered": mount placed on the ground, >25% of vegetati ve cover, 
"Conifer open": mount placed 2 m above ground in a coni fe rous tree, <25% of vegetati ve 
cover, 
"Conifer covered": mount placed 2 m above ground in a coniferous tree, >25% of vegetati ve 
cover, 
"Deciduous": mount placed 2 m above ground in a deciduous tree, vegetati ve cover al ways 
<25% 
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Annexe 2 Étalonnage des modèles en cuivre - chapitre 4 
COlTelation between power consumed by mounts 1 and 2 (hourly means) when exposed to 
avail able conditions of operative temperature during fo ur events of calibration (specified by 
fo ur di ffe rent symbols) in Parc National du Bic, Québec, December to March, 2004-2005 
(Pearson cOITelation coefficient: r = 0.94, p<O.OO 1). 
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Annexe 3 Puissance consommée par les modèles taxidermiques en 
fonction de la température opérante - chapitre 4 
General re lationship between power consumed (W) by North American porcupine mounts 
and operati ve temperature (oC) measured in the stand (0.3 m above ground) when mounts 
were placed in "den" (fill ed circles) and non-den (open circles) microhabitats in Parc 
National du Bic, Québec, December to March, 2004-2005. We observed a negati ve 
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